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1.0  SUMMARY 


We  have  made  significant  progress  to  evaluate  the  use  of  nuclear 

magnetic  resonance  (NMR)  and  NMR  imaging  for  the  nondestructive  evaluation 

(NDE)  of  composite  materials.  Our  accomplishments ,  including  the  subsequent 

publication  of  two  journal  articles  and  portions  of  a  third  article,  have 

received  considerable  attention  during  presentations  at  scientific  meetings. 

NMR  imaging  of  solid-state  materials  was  not  well  developed  at  the 

onset  of  this  contract  and  specialized  equipment  and  experimental  designs 

1  13  29 

were  needed  for  each  one  of  the  H,  C,  and  Si  nuclei.  Therefore,  we 
needed  to  make  significant  advances  to  accurately  assess  the  viability  of 
the  NMR  technique  for  the  NDE  of  composite  systems.  The  conductivity  of  the 
carbon  fibers  found  in  the  most  commonly  used  aerospace  composite  systems 
added  yet  more  complexity  to  the  study.  The  assessment  discussed  in  Section 
4.0  is  founded  on  the  following  progress  achieved  during  the  contract  work 
period: 

i)  a  quantitative  knowledge  of  the  interaction  of  the  conducting 

carbon  fibers  with  the  applied  and  induced  radio- frequency 

electromagnetic  radiation, 

13 

ii)  the  demonstration  of  C  NMR  imagin?  of  aerospace  materials, 

followed  by  an  assessment  of  signal-to-noise  and  spatial 

13 

resolution  considerations  of  C  NMR  imaging  of  solids,  and 
ill)  the  design  and  implementation  of  a  NMR  imaging  experiment, 

followed  by  an  assessment  of  the  technical  advances  still  needed 
to  be  achieved  and  of  other  possible  approaches  to  NMR  imaging 
of  solids. 

Evaluation  and  planning  for  NMR  and  NMR  imaging  of  composite  materials 
require  a  clear,  basic  understanding  of  the  physics  of  the  interaction  of 
the  radio-frequency  (RF)  electromagnetic  fields  with  the  conducting  carbon 
fibers  commonly  used  in  aerospace  composite  systems.  The  major  technical 
accomplishment  of  this  contract  work  is  the  quantitative  determination  of 
the  RF  attenuation  caused  by  the  conducting  carbon  fibers.  Without  this 
knowledge,  the  evaluation  and  assessment  summarized  in  Section  4.0  would  be 
much  more  difficult  and  very  likely  inaccurate.  Determination  of  contrast 
mechanisms  that  are  capable  of  specifically  mapping  "poor"  or  flawed  regions 
of  carbon-fiber  composite  systems  must  await  the  development  of  a  low-field 
NMR  instrument  capable  of  observing  the  NMR  signals  within  a  carbon-fiber 
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cross-ply  laminate.  One  possible  design  for  such  an  instrument  is  preoe  ited 
in  Section  4.0. 

A  careful  assessment  of  signal-to-noise  and  spatial-resolution  issues 

1  13  1 

for  H  and  C  NMR  imaging  of  solids  is  presented.  H  NMR  imaging  of  solid 

materials  is  a  viable  technique  capable  of  obtaining  sub-100-/ira  spatial 
resolution.  A  NMR  imaging  experiment  designed  under  this  contract  com¬ 
bines  an  optimum  line-narrowing  scheme,  fast  gradient  switching,  and  some 
aspects  of  a  common  liquids  magnetic  resonance  imaging  (MRI)  experiment  to 
produce  good-quality  images  of  neat  aerospace  resin  systems.  Possible 
modifications  to  this  experiment  are  discussed,  along  with  the  several 

technical  advances  still  needing  to  be  achieved  before  1H  NMR  imaging  of 

13 

solid  materials  can  become  a  truly  practical  technique.  C  NMR  imaging  of 

solid  materials  is  also  demonstrated  to  be  a  viable  technique,  but  signal- 

to-noise  issues  are  shown  to  most  likely  limit  three-dimensional  imaging 

resolutions  to  greater  than  100  f fm . 

NMR  imaging  techniques  are  proving  valuable  for  the  NDE  of  ceramic 

29 

systems.  The  direct  observation  of  Si  in  ceramics,  however,  is  not  a 

viable  technique.  Current  NMR  imaging  of  ceramics  relies  to  a  large  extent 

129  13 

on  the  use  of  invasive  fluids.  The  use  of  Xe  (and  CO^)  as  an  invas^v® 
fluid  is  not  useful  in  NMR  imaging  for  the  NDE  of  organic-matrix  composite 
materials . 
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2.0  INTRODUCTION 


2.1  Program  Objectives 

The  objective  of  this  program  is  to  investigate  the  use  of  the  nuclear 
magnetic  resonance  (NMR)  technique  for  the  inspection  and  evaluation  of 
composite  materials.  The  emphasis  is  to  evaluate  the  utility  of  the  NMR 
technique  in  determining  nuclear-level  information  in  polymeric  and  ceramic 
materials  that  can  be  linked  to  macroscopic  material  properties,  with 
particular  focus  on  the  imaging  capabilities  of  NMR  in  these  materials. 

2.2  Program  Approach 

This  program  is  being  conducted  in  four  tasks: 

1  13 

Task  I  -  Investigate  the  NMR  of  H  and  C  nuclei  in  organic-matrix 
composites,  such  as  Graphite/Epoxy  or  Graphite/PMR. 

Task  II  -  Investigate,  based  on  the  results  of  Task  I,  the  ability  to 
image  the  internal  structure  and  chemistry  of  organic-matrix  composite 
materials. 

29 

Task  III  -  Investigate  the  potential  of  using  Si  NMR  for  the 
evaluation  of  the  internal  structure  of  silicon  nitride  ceramic  materials. 

Task  IV  -  From  the  results  of  Tasks  I,  II,  and  III,  assess  the 
potential  of  using  NMR  and  NMR  imaging  as  standard  inspection  techniques  in 
composite  materials  of  interest  to  the  aerospace  community. 

2.3  Technical  Review  and  Introduction 

To  perform  the  nondestructive  evaluation  (NDE)  of  organic-matrix/ 
carbon-fiber  composites  (OMC)  by  use  of  nuclear  magnetic  resonance  (NMR)  and 
NMR  imaging,  we  must  combine  the  most  demanding  aspects  of  solid-state  NMR 
techniques  with  a  broad  knowledge  of  the  physical  and  chemical 
characteristics  of  the  material  which  affect  the  behavior  of  the  nuclear 
magnetization.  We  have  endeavored,  therefore,  to  combine  the  knowledge  and 
experience  of  other  workers  in  NMR  imaging  of  solid  materials  with  our  own 
unique  expertise.  In  addition  to  the  work  performed  at  McDonnell  Douglas 
Research  Laboratories  (MDRL),  we  have  made  appropriate  use  of  two  facilities 

external  to  MDRL.  The  facility  at  General  Electric  in  Fremont,  CA  provided 
primarily  a  large  magnet  gap  which  enabled  the  assessment  of  the  RF  attenua¬ 
tion  effects  of  (relatively)  large  composite  pieces  containing  long  carbon 
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fibers;  this  work  is  presented  in  Section  3.4  (Ref.  1).  The  facility  at 

Prof.  G.  Maciel's  laboratory  at  Colorado  State  University  in  Fort  Collins, 
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CO  provided  expertise  and  equipment  capable  of  assessing  C  NMR  imaging  of 
solid  materials,  as  described  in  Section  3.6  (Refs.  2-4). 

Other  workers  in  the  field  are  contributing  to  the  rapid  advances  which 
make  solid-state  NMR  imaging  a  promising  new  technology.  Work  involving 
discussions  of  NMR  as  a  diffraction  technique  (Refs.  5,6),  selective  imaging 
(Refs.  7,8),  multiple-quantum  imaging  (Refs.  9,10),  imaging  of  quadrupolar 
nuclei  (Refs.  11,12),  stepped  gradient  imaging  (Ref.  13),  imaging  by  use  of 
magic-angle  narrowing  (Refs.  14,15),  imaging  combining  multiple  pulse  with 
RF  field  gradients  (Ref.  16),  and  imaging  by  use  of  solid-echoes  (Ref.  17) 
complement  the  work  more  similar  to  nominal  magnetic  resonance  imaging  (MRI) 
of  mobile  systems  involving  sorbed  fluids  in  organic  polymer  systems  (Refs. 
18-21)  and  ceramic  composites  (Refs.  22-26).  In  the  field  of  NMR  imaging  of 
truly  solid  materials,  the  Naval  Research  Laboratories  has  made  (Refs.  27- 
31)  and  is  continuing  to  make  (Refs.  32,33)  significant  progress.  Recently, 
a  review  of  NMR  imaging  in  materials  science  (Ref.  34),  the  announcement  of 
significant  technology  advances  in  NMR  microscopy  (to  ~10-/Jm  resolutions; 
Refs.  35,36),  and  the  recent  publications  of  NMR  imaging  of  elastomers  (Ref. 
37)  and  high-resolution  NMR  imaging  of  solids  (Refs.  38-44)  display  the 
rapid  advances  still  occurring  in  the  field.  The  work  presented  in  this 
report — much  of  which  is  either  in  preparation  (Ref.  45),  submitted  (Ref.  1) 
or  accepted  for  publication  (Ref.  2)  and  has  been  presented  at  technical 
presentations  (Ref.  46)--is  up-to-date  with  the  current  state  of  the  art  in 
the  field.  The  assessment  of  the  technology  as  applied  to  the  NDE  of  OMC 
and  ceramic  composite  materials  presented  in  Section  4.0  is  therefore  as  up- 
to-date  and  accurate  as  possible. 

As  described  in  our  proposal,  the  technology  involved  in  this  project 
can  be  divided  into  two  phases  or  periods  of  the  NMR  experiment,  as  shown 
schematically  in  Figure  1.  First,  a  suitable  contrasting  mechanism  must  be 
found,  such  as  a  relaxation  or  frequency  shift  parameter  that  is  useful  for 
contrasting  one  region  of  interest  in  a  sample  to  other  regions;  otherwise, 
the  imaging  detection  period  will  be  void  of  information.  The  contrast 
preparation  period  is  amenable  to  traditional  NMR  techniques  (Refs.  47-49) 
applied  to  OMC  and  ceramic  composite  samples. 

The  second  phase  of  the  technology  directly  involves  imaging  aspects  of 
the  experiment,  the  most  important  of  which  are  sensitivity  and  spatial 
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Figure  1.  Schematic  of  an  NMR  imaging  experiment 


resolution.  Sensitivity  is  in  some  respects  determined  by  the  sample 
itself,  and  we  must  remember  that  NMR  is  intrinsically  an  insensitive 
technique.  While  the  experimental  design  can  be  optimized  for  sensitivity 
by  probe  and  coil  modifications,  spatial  resolution  will  often  be  limited  by 
sensitivity  issues  since  increasing  the  spatial  resolution  directly  involves 
reducing  the  volume  element  (voxel)  being  detected.  The  experimental  acqui¬ 
sition  time,  TE,  varies  with  the  inverse  square  of  the  volume  element,  V: 


TE  a  V 


(1) 


Describing  the  voxel  in  terms  of  all  three  spatial  dimensions,  we  obtain 


TE  a  (Ax)~2(Ay)~2(Az)'2 


(2) 


Thus,  to  double  the  spatial  resolution  in  each  dimension,  TE  will  be  64 

times  longer  to  obtain  the  same  S/N  within  the  voxel.  Magnetic  resonance 

imaging  of  liquids  (MRI)  is  currently  (and  will  probably  remain)  limited  in 

resolution  due  to  sensitivity  issues  (Ref.  50).  We  will  show  in  Section  3.6 
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that  the  resolution  of  C  images  of  solids  are  currently  limited  by  sensi¬ 
tivity.  To  obtain  adequate  resolution,  the  experiment  must  continue  long 
enough  to  acquire  sufficient  S/N.  Since  current  C  NMR  imaging  experiments 
take  about  an  hour  to  acquire  a  one-dimensional  image,  doubling  resolutions 
or  adding  other  dimensions  in  the  image  quickly  becomes  unrealizable. 

Moreover,  in  solid  materials,  obtaining  adequate  spatial  resolution 
requires  the  use  of  line-narrowing  techniques  or  extremely  large  gradients 
in  the  magnetic  field  strength.  The  relationship  between  spatial  resolution 
Ax  in  cm,  the  linewidth  Av  in  s  *,  and  the  magnetic  field  gradient,  G,  in 
T/cm  is 

Ax  «  A W(7G ) 


5 


(3) 


where  7  is  the  magnetogyric  ratio  of  the  nuclei  being  detected. 

The  situation  in  solids  is  shown  in  Figure  2,  where  typical  NMR 
linewidths  in  solid  materials  are  shown.  Sophisticated  RF  multiple-pulse 
sequences  (denoted  by  MP  in  the  figure),  which  complicate  the  experiment  and 
place  restrictions  on  the  sample  and  probe  design,  are  one  approach  to 
achieving  better  spatial  resolution  through  line  narrowing.  New  gradient 
designs  already  allow  the  application  of  much  larger  magnetic  field  gradi¬ 
ents  than  were  available  one  year  ago  (up  to  a  factor  of  20}  Ref.  36),  but 
some  line  narrowing  by  use  of  RF  multiple-pulse  sequences  is  still  necessary 
due  to  limitations  in  receiver  bandwidth  and  sensitivity  issues,  as  dis¬ 
cussed  in  Section  3.7. 


Axw|jd«  50  kHz/(50  kHz/cm)  =  1  cm 

Ax^p-  100Hz/(50kHz/cm)  =  20  pm  19-221-21  u 

Figure  2.  Nominal  (~50  kHz)  and  multiple-pulse  narrowed  (MP;  100  Hz)  hydrogen  line 
widths  in  solid  materials.  Spatial  resolution  (Ax)  is  achieved  by  separating 
*H  lines  of  different  regions  from  one  another  in  frequency  by  use  of  the 
gradient  yG.  Ax  is  large  for  nominal  solids  when  using  a  moderate  gradient 
of  50  kHz/cm,  but  is  greatly  improved  when  MP  line-narrowing  is  used. 


At  the  end  of  the  first  half  of  our  work  period,  three  issues  were 
determined  as  being  critical  in  assessing  the  feasibility  of  NMR  and  NMR 
imaging  for  the  NDE  of  OMC.  Table  1  briefly  describes  each  issue  and 
summarizes  our  significant  advances  with  each. 

First,  sensitivity  must  be  attainable  within  a  reasonable  period  of 
time  (up  to  many  days).  Even  with  an  optimized  experimental  design,  this  is 
not  always  feasible  due  to  intrinsic  characteristics  of  the  material  and  the 
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Table  1.  Issues  dominating  the  last  half  of  the  work  period. 


Issue 

Significant  advances 

Sensitivity  attainable? 

•  No  for  29  Si  in  ceramics 

•  No  for 129  Xe  as  invasive  Quid 

•  Probably  for13  C  in  OMC 

•  Yes  for'H  in  OMC 

Effect  of  carbon  fibers 

•  Quantified  rf  attenuation  for  propagation  both 
perpendicular  and  parallel  to  ply  direction 

Technical  advances  for  ^  H 

•  Quadrature  detection  with  MP  decoupling 

•  Obtained  2D  images  with  standard  MRI 
use  of  gradients 

S9-221-237. 


29  129 

detected  nuclei.  Si  NMR  of  ceramic  materials  and  use  of  Xe  as  an 

invasive  fluid  were  both  found  to  have  excessive  sensitivity  problems,  as 

discussed  in  Sections  3.3  and  3.5,  respectively.  Sensitivity  is  also  an 

13 

important  issue  for  the  feasibility  of  C  NMR  imaging  of  OMC,  but  we  have 
found  that  adequate  sensitivity  might  be  achieved  with  appropriate  experi- 
mental  design  as  shown  in  Section  3.6. 

Second,  the  effects  of  the  conducting  carbon  fibers  on  the  RF 
propagation  had  to  be  understood  quantitatively  before  progress  toward  NDE 
of  large-scale  structures  could  be  made.  We  have  quantified  these  effects, 
and  this  issue  still  dominates  any  consideration  of  the  NDE  of  large-scale 
OMC,  as  described  in  Section  3.4. 

Third,  technical  advances,  which  we  specify  and  have  made  progress  on 
as  described  in  Section  3.7,  must  be  achieved  before  *H  NMR  imaging  of 
solids  can  become  a  practical,  useful  NDE  tool.  During  the  last  half  of  our 
work  period,  we  therefore  directed  our  research  to  understand  and  clarify 
these  three  areas.  The  rest  of  this  report  will  follow  our  work  outline,  as 
detailed  in  our  proposal.  The  three  Issues  described  above,  however,  will 
be  emphasized.  All  the  work  performed  led  to  the  assessment  of  future 
viability  and  an  experimental  design  for  NMR  imaging  for  the  NDE  of  OMC,  as 
summarized  in  Section  4.0. 
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3.0  PROGRESS 


3.1  Composite  Samples 

We  obtained  a  series  of  26  carbon-fiber  composite  samples,  and  the 
uncured  3501-6  resins  used  to  fabricate  them,  from  McDonnell  Aircraft 
Company.  These  samples  had  been  fabricated  under  the  USAF  Manufacturing 
Science  Program  "Computer-Aided  Curing  of  Composites"  (Contract  No.  F33615- 
83-C-5088).  The  samples  were  originally  fabricated  according  to  different 
processing  conditions  from  resins  having  either  zero,  one,  or  two  times  the 
normal  amount  of  BF^  catalyst.  Our  samples,  cut  from  larger  scraps  left 
over  from  this  program,  are  75  mm  wide  and  7.6  mm  thick  at  one  end.  Midway 
along  their  600-mm  length,  the  samples  taper  down  to  3.2  mm. 

The  samples  had  been  subjected  to  numerous  destructive  and 
nondestructive  tests.  Table  2  specifies  the  resin  properties  and  processing 
conditions  for  the  26  samples  and  lists  the  results  of  their  ultrasonic  NDE. 
These  samples  provide  an  excellent  range  of  "poor"  quality  samples  in  terms 
of  void  content  and  improper  curing.  "Poor"  characteristics  of  cracking  and 
fiber  breakage  were  simulated  by  placing  samples  in  the  cylinder /piston 
fixture  shown  in  Figure  3  and  hitting  the  piston  with  a  hammer.  The  samples 
and  fixture  were  cooled  to  77  K  to  induce  brittle  fracture. 


Table  2.  Through-transmission  ultrasonic  C-scan  results^  for  carbon-fiber/epoxy  samples. 


Batch  number 
Variation 

BFj  content  (wt%) 

1 

Low  flow 
22 

1<2) 

Normal  flow 
1.1 

3 

High  RC 
1.1 

4 

High  flow 

0 

5(3) 

Normal  flow 
1.1 

6 

Vacuum  degas 
1.1 

Baseline  laminate 

Clean 

Clean 

Clean 

Clean 

Clean 

Clean 

"Wet"  prepeg 

Moderate 

Moderate 

Extreme 

Gross 

Gross 

Minor 

porosity 

porosity 

porosity 

porosity 

porosity 

porosity 

"Aged”  prepeg 

Clean 

Clean 

Clean 

Clean 

Clean 

Clean 

No  dcbulking 

— 

Clean 

Clean 

— 

Clean 

Minor 

Over  bleed 

Moderate 

porosity 

Clean 

Clean 

Minor 

porosity 

_ 

porosity 

Notes:  89-221-263 

(1)  Extreme -graft -moderate -minor-clean 


(Bid)  (Good) 

(2)  Control  for  batches  1,3,  and  4 

(3)  Control  for  batch  6 
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89-221-212 

Figure  3.  Cylinder/piston  fixture  for  crushing 
composite  samples. 

3.2  Contrast  Mechanisms 

At  the  beginning  of  our  contract  work  period,  we  believed  that  a  major 
portion  of  the  progress  would  be  to  determine  contrast  mechanisms  which 
would  allow  the  detection  of  poor  regions  of  a  material  by  contrasting  them 
against  good  regions  for  use  in  the  NDE  of  OMC.  Although  contrast 
mechanisms  remain  an  important  area  of  study,  we  have  dcemphasized  this  area 
with  respect  to  the  areas  of  study  discussed  in  Section  2.3.  We  have 
obtained  some  useful  observations  from  this  study  of  contrast  mechanisms,  as 
discussed  below. 

The  physical  and  chemical  parameters  of  significance  for  possible  use 

29 

as  contrast  mechanisms  are  listed  in  Table  3.  Si  can  be  substituted  for 

13  13  129 

C  in  this  table,  as  can  any  fluid  system  (e.g.,  CC^)  for  Xe,  depend¬ 
ing  on  the  particular  system  of  interest.  With  a  knowledge  of  these  param¬ 
eters,  we  can  design  an  NMR  experiment  to  optimize  signal-to-noise  and 
contrasting,  and  to  minimize  artifacting. 


Table  3.  Significance  of  NMR  parameters. 


NMR 

Parameters 

Significance 

‘HTj 

Sensitive  to  fast  motions,  paramagnetic  impurities 

Sensitive  to  motions  ~  10  Hz 

'ht 

Ip 

Sensitive  to  slow  motions 

‘h-i^ 

Defines  spatial  resolution  of 1  H  imaging,  sensitive  to  proton  coupling 

1„_MW4 

ht2 

Sensitive  to  slow  motion,  relatively  insensitive  to  experimental  calibration 

13C  MAS  8 

Determine  isotropic  chemical  shifts 

13C  X 

C  1  CH 

Defines  chemical  moiety  imaging,  depends  on  number  of  protons,  short  range 

13 

C  stat 

Defines  chemical  shift  imaging,  depends  on  anisotropies 

i3ct+ 

Defines  spatial  resolution  of 13  C  imaging 

lWXe8 

Changes  caused  by  matrix 

,29Xc  Tj 

Sensitive  to  impurities,  void  sizes 

129 

XcT2 

1 7Q 

Defines  spatial  resolution  of  Xe  imaging 

K9-221-239* 


Parameters  for  possible  use  as  contrast  mechansims  were  measured  on 
various  relevant  OMC  samples,  as  shown  in  Table  4.  Because  of  the  emphasis 
on  issues  detailed  in  Table  1,  we  used  only  the  basis  set  of  parameters 
shown  in  Table  4,  which  permitted  a  detailed  investigation  of  those  issues. 
We  did  observe  very  different  RF  attenuation  between  long  carbon  fibers  and 

broken  fibers,  which  could  possibly  be  used  for  contrasting  such  defects 

1  13 

(see  Section  3.4.5).  H  spin-lattice  relaxation  times,  T. ,  and  C  chemical 

13  1 

shifts  were  used  with  C  NMR  imaging  to  contrast  PEEK  from  epoxy  resin  (see 

Section  3.6),  and  spin-lattice  relaxation  times  in  the  rotating  frame, 

. .  1. 


T, _,  were  used  with  *H  NMR  imaging  to  contrast  crystallinity  differences  in 


PEEK  (see  Section  3.7).  We  have  observed  long,  spin-spin  relaxation,  T^, 
due  to  sorbed  water  in  composite  materials,  which  might  be  used  to  quantify 
and/or  image  water  distributions  in  OMC.  Other  researchers  have  used 
density  to  image  various  phenomena  in  more  mobile  elastomers  (Ref.  37),  but 
these  liquid-like  experiments  are  not  applicable  to  the  study  of  solid  OMC 
materials . 
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Table  4.  Measured  NMR  parameters  of  possible  use  as  contrast  mechanisms. 


Parameters 

Sample 

Neat 

PEEK 

Carbon - 
fiber 

laminated 

PEEK 

Chopped- 

carbon- 

flber 

PEEK 

Gloss- 

fiber 

PEEK 

Neat 

3501-6 

resin 

AS-4/ 

3501-6 

laminate 

'hTj  (s) 

10i 

1.4Z 

U 

0.65 

0.90 

0.5 

2.8 

*h  t2  (ps) 

12 

14.2 

13.7 

13.6 

8.1 

9.2 

*HTlp  (ms) 

203 

3 

Stlf™  (ms) 

8 

13 

5 

SlTjCViP)  (ps) 
SfTjOJNCPHms) 

160 

1.3 

160 

1.1 

0CMAS8  (ppm) 

■ 

14  109 
23  126 
37  148 
49 

67 

UC'tcH  (n») 

■ 

alip~ 

0.4 

arom  - 

1.5 

I5HI 

>6 

_ 

>  6 

1  *1 

At  room  temperature  J  Crystalline 

*  At  403’  K  4  Amarphous 


To  conclude,  optimizing  contrast  to  clarify  flaws  and  inhomogeneities 
within  OMC  must  await  the  development  and  simultaneous  combining  of  tech¬ 
niques  which  together  will  be  able  to  use  such  contrast  information.  We 
demonstrate  the  feasibility  of  such  combination  experiments,  within 
definitive  constraints  for  OMC,  and  assess  the  future  capabilities  of  NMR 
and  NMR  imaging  in  Section  4.0. 

29 

3.3  Si  NMR  Imaging  Considerations 

29 

For  a  portion  of  this  contract,  we  were  to  investigate  Si  NMR  for 
imaging  composite  ceramics  containing  silicon  nitride  or  other  silicon 
compounds.  Unfortunately,  the  spin-lattice  relaxation  times,  T  ,  in  these 
compounds  are  very  large,  often  minutes  (Ref.  51),  whereas  they  are  about 
one  second  for  hydrogen;  see  Table  5.  Hydrogen  in  hydrogen-containing 
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Table  5.  *H  spin-lattice  relaxation  times  of 
organic  resin  materials  at  room 
temperature. 


Material 

*H  Tj  (s) 

13  T 

7  T 

DER/DETA  resin 

0.33 

0.32 

3501-6  resin 

2.0 

0.5 

PEEK  XK300  resin 

1.4 

1.0 

PEEK  laminate 

1.6 

0.83 

AS -4/3501-6 

1.15 

2.0 

89-221-240a 


compounds  strongly  dipole-dipole  couple  to  each  other;  so,  if  only  a  few 
hydrogen  relax  quickly  to  the  lattice,  they  all  relax  quickly,  substantially 

29 

shortening  hydrogen  T.  values.  Si,  being  a  relatively  dilute  (4.7Z 

natural  abundance)  isotope,  has  no  such  mechanism  for  rapidly  relaxing  to 

29  1 

impurities.  Therefore,  the  Si  T.  values  in  ceramics  which  contain  no  H 

29  1 

nuclei  to  relax  the  Si  nuclei  are  determined  by  the  amplitudes  of  small, 

8  29 

~10  -Hz  motions  of  the  Si  nuclei  themselves.  As  a  result,  the  time  to 

29 

produce  an  NMR  image  using  Si  for  detection  is  excessively  long. 

The  total  time  of  a  NMR  imaging  experiment,  TE,  depends  on  T^  as 

TE  a  Tj  (4) 

In  protonated  systems  such  OMC,  the  *H  T^  is  used  in  Equation  (4)  because 

cross-polarization  (CP)  between  the  dilute  spins  and  proton  bath  is  pos- 
13 

sible.  Thus,  C  can  be  used  for  detection  in  such  systems.  In  ceramic 

systems,  such  as  SiC,  there  are  no  protons  to  effect  CP.  Thus,  we  have  not 
29 

pursued  Si  NMR  for  the  NDE  of  ceramics. 

3.4  Effects  of  Conducting  Carbon  Fibers  on  NMR  and  NMR  Imaging  of  Composite 
* 

Materials 

High-strength,  high-stiffness,  low-weight,  organic-matrix  composite 
materials  used  in  the  aerospace  industry  frequently  contain  carbon  fibers. 
Carbon  fibers  are  electrically  conducting  and  will  therefore  attenuate  RF 
magnetic  fields.  Without  proper  accounting  for  this  attenuation,  NMR  images 

*  Most  of  this  section  is  published  in  Ref.  1. 
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of  carbon-fiber  composites  will  be  seriously  degraded  and  interpretations 
will  be  either  misleading  or  impossible.  NMR  images  of  small  carbon-fiber/ 
polymer  composites  have  been  reported  (Refs.  2,45,52;  see  also  Section  3.6). 
These  images  were  obtained  only  because  the  samples  were  small,  and  oriented 
such  that  the  dimension  of  the  sample  along  the  direction  of  RF  propagation 
was  less  than  a  distance  which  we  quantify  here  as  the  skin  depth,  6, 
resulting  in  small  RF  attenuations.  The  present  study  was  conducted  to 
determine  the  conditions  necessary  to  obtain  acceptable  NMR  images  of 
carbon-fiber  composites. 

A  rigorous  calculation  of  the  atteruation  of  the  RF  magnetic  field  as 
it  enters  an  arbitrarily  shaped  carbon-fiber  composite  material  is  diffi¬ 
cult.  Other  workers  have  performed  detailed  calculations  for  dielectrically 
lossy  isotropic  materials  having  cylindrical  (Ref.  53)  or  planar  (Ref.  54) 
shapes.  In  carbon-fiber  composite  materials,  however,  the  attenuation 
results  from  induced  eddy  currents  rather  than  dielectric  losses  (Ref.  55) 

because  of  the  high  electrical  conductivities  of  the  fibers.  The  induced 

«> 

eddy  currents,  and  thus  the  RF  attenuation,  depend  on  the  RF  frequency,  the 
geometry  of  the  RF  coil,  the  shape  of  the  sample,  and  the  orientation  of  the 
carbon  fibers  and  sample  relative  to  the  RF  coil. 

In  Section  3.4.1,  assumptions  are  made  to  permit  simple  calculations  of 
the  approximate  RF  attenuation  in  highly  conducting  anisotropic  carbon-fiber 
composites.  The  theory  is  based  on  the  concept  of  a  skin-depth  in  good 
conductors  having  anisotropic  electrical  conductivities,  £7.  Three  methods 
were  used  to  measure  the  electrical  conductivities  of  the  composites. 

First,  a  network  analyzer  was  used,  as  is  described  in  Section  3.4.3,  to 
measure  £7  along  the  fibers  in  cross-ply  and  unidirectional  composites,  and 
also  to  measure  £7  going  from  fiber  to  fiber.  Next,  we  performed  similar 
measurements  using  nonimaging  NMR,  as  described  in  Section  3.4.4.  Finding 
both  the  network  analyzer  and  nonimaging  NMR  techniques  to  be  sensitive  to 
errors  caused  by  experimental  and  sample-makeup  imperfections,  we  used  NMR 
imaging  to  obtain  a  set  of  accurate  electrical  conductivities,  as  discussed 
in  Section  3.4.5.  These  measurements  confirm  the  validity  of  our  approxi¬ 
mate  analysis,  as  discussed  in  Section  3.4.6,  and  allow  an  accurate  assess¬ 
ment  of  NMR  and  NMR  imaging  as  applied  to  carbon-fiber  composite  materials. 

3.4.1  Approximate  Analysis  In  an  anisotropic  material,  induced  eddy 
currents  arising  from  an  applied  RF  magnetic  field  will  depend  on  the  values 
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of  the  electrical  conductivity  along  each  direction  of  the  induced  current. 
Since  different  portions  of  the  path  are  connected  in  series,  the  induced 
eddy  current  will  be  limited  by  the  smallest  values  of  electrical  conduc¬ 
tance  along  the  current  path: 


Q 

path 


N 


[i  4-1 

m=l 


~m 


(5) 


where  g^  is  electrical  conductance  along  the  mt^  portion  of  the  path.  If 
the  conductance  is  large  along  the  complete  path,  then  the  eddy  current  will 
be  large,  and  thus  also  the  RF  attenuation.  If  the  conductance  is  small 
along  any  significant  portion  of  the  path,  the  eddy  currents  will  be  signif¬ 
icantly  reduced,  and  RF  penetration  will  be  greatly  enhanced.  Therefore,  to 
achieve  optimum  NMR  imaging  conditions,  the  object  to  be  imaged  must  be 
oriented  relative  to  the  RF  field  to  minimize  the  conductance  along  the 
current  paths,  thereby  reducing  the  eddy  currents  and  the  resulting  RF 
attenuation. 

Figure  4  illustrates  the  relevant  details  of  a  typical  multi-ply 
carbon-fiber  composite.  For  clarity,  the  details  of  only  the  first  two 
plies  are  shown.  The  carbon  fibers  in  the  i*"*1  ply  lie  in  the  xy-plane  and 
make  an  angle,  a with  the  x  axis.  Generally,  the  angles,  repeat  every 

N  plies;  e.g.,  a  composite  structure  requiring  greatest  strength  along  the  x 
direction  might  have  N=2,  a^*'20°,  and  a^=- 20°. 


Ply  2 


Figure  4.  Multi-ply  carbon-fiber  composite.  The  first  ply  is  displaced  to  show 
the  orientation  of  the  fibers  in  the  second  ply.  The  coordinate  system 
used  for  determining  the  direction  (0,<p)  is  also  shown. 
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A  reasonable  estimate  for  the  electrical  conductivity  along  one 
particular  direction  (9,Q),  as  shown  in  Figure  4,  is  given  by  an  average  of 
the  principal  values  of  the  conductivity  tensor,  0,  of  the  carbon  fibers 
weighted  by  the  square  of  the  cosine  of  the  angles  between  the  direction 
(9,f)  and  the  principal  axes  of  the  conductivity  tensor.  The  result  is 


0(0,^)  =  N  *sinZ0  £  [f<7|  |CosZ(^-a^)  +  <7^sinZ(^-ai)] 


+  cos 


2fl  [-■1 1  ffiU.r‘  • 


where  f  is  the  volume  fraction  of  the  carbon  fibers,  0|  |  is  the  electrical 
conductivity  of  the  carbon  fibers  along  their  length,  and  0^  and  a ^  are 
the  effective  electrical  conductivities  of  the  carbon  fibers  perpendicular 
to  their  length,  including  contact  resistance  between  adjacent  fibers, 
within  a  ply  and  from  ply  i  to  ply  i+1,  respectively,  a  ^  j  is  an  intrinsic 

property  of  the  carbon  fiber  while  0,  and  0,  are  extrinsic  properties 

depending  upon  conditions  used  to  fabricate  the  composites. 

The  last  two  terms  in  Equation  (6)  are  difficult  to  estimate.  The 
conductivities  0,  and  0.  depend  upon  contact  istsr.ce  between 

adjacent  fibers  which  varies  because  of  the  dirferent  consolidations 
achieved  during  fabrication.  Moreover,  the  last  term  in  Equation  (6)  takes 
into  account  that  ply-to-ply  electrical  -ont*ots  constitute  resistors  in 
series  which  differ  from  ply  to  ply  depending  upon  the  difference  in  the 
angles  between  the  fibers  in  the  adjacent  plies.  When  the  difference  in 
angles  between  adjacent  plies  is  90°,  the  carbon  fibers  in  the  adjacent 
plies  come  into  better  electrical  contact  than  when  the  difference  in  angles 
is  0°  (i.e.,  unidirectional). 

The  electrical  conductivity  parallel  to  the  fiber  axis,  0||,  on  the 

other  hand,  is  usually  available  from  the  fiber  manufacturer  or  can  be 

obtained  by  simple  measurements  (Ref.  56).  0| |  is  orders  of  magnitude 

larger  than  0.  and  0,  ,  and  the  conductivities  perpendicular  to  the 

1 

fiber  axis  can,  therefore,  usually  be  neglected  in  Equation  (6).  Notable 
exceptions  are  cases  where  the  first  term  in  Equation  (6)  is  identically 
equal  to  zero. 
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One  such  case  of  Importance  is  the  conductivity  in  a  direction  normal 
to  the  plies,  when  0=0°;  in  this  case  <7(0°,^)  =  <7^  Because  the 

conductivity  in  this  direction  is  relatively  small,  this  case  is  useful  for 
imaging  the  interior  of  carbon-fiber  composite  materials.  Thus,  it  is 
important  to  quantify  <7^  and  the  experiments  reported  here  provide  this 
and  related  quantities  for  carbon-fiber  composites. 

In  Section  3. A. 6  we  show  that  the  conductivity  of  carbon-fiber /epoxy 
composites,  irrespective  of  the  direction  along  which  the  conductivity  is 
measured,  is  large  enough  to  satisfy  the  condition 


a  »  , 


(7) 


where  V  is  the  RF  frequency  and  6  is  of  the  order  of  the  free-space 

-12 

permittivity,  =  8.854x10  F/m.  When  this  condition  is  satisfied  and 
the  dimensions  of  the  composite  are  much  larger  than  the  skin  depth 

6  -  (1/JTM7)1/Z,  (8) 

where  /l  is  the  magnetic  permeability,  usually  equal  to  that  of  free  space 
/<0  -  4*  *  10  H/m,  then  two  simplifying  approximations  can  be  made  which 
facilitate  the  calculation  of  the  RF  field  in  the  composite  (Ref.  57): 

i)  treat  the  object  as  a  superconductor  which  is  impenetrable  by  the 
RF  magnetic  field;  i.e.,  the  RF  magnetic  field  at  the  surface  is 
parallel  to  the  surface,  and 

ii)  break  the  surface  of  the  object  into  small  regions  that  are 

considered  to  be  planar  into  which  plane  electromagnetic  waves 
propagate  normal  to  the  surfaces. 

Although  not  done  here,  the  RF  magnetic  field  at  the  surface  can  be 
calculated  by  solving  the  corresponding  magnetostatic  problem  for  a 
superconductor  of  the  same  size  and  shape.  In  this  work,  estimates  of  the 
surface  currents  are  obtained  by  treating  the  surface  of  the  object  as  a 
mirror;  the  magnetic  (electric)  field  on  the  surface  is  the  sum  of  the 
applied  field  and  a  positive  (negative)  image  field  (the  image  field  being  a 
physical  expression  of  the  fields  arising  from  the  induced  eddy  currents). 
The  resulting  RF  magnetic  fields  lie  parallel  to  the  surfaces  of  the 
conducting  object  and  they  propagate  into  the  object  as  a  plane  wave. 
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The  magnetic  intensity  H  (ampere  turns/m)  of  the  plane  electromagnetic 
wave  propagating  into  the  conducting  media  decays  exponentially  with 
increasing  distance  into  the  sample  as 


H(d)  *  H  exp(-d/6), 

3 


(9) 


where  H  is  the  magnetic  intensity  at  the  surface,  d  is  the  distance  from 
s 

the  surface  along  the  propagation  path.  The  conductivity  of  the  composite 
in  a  direction  lying  in  the  plane  of  the  surface  and  at  right  angles  to  the 
RF  magnetic  field  direction  (i.e.,  in  a  direction  parallel  to  the  RF  elec¬ 
tric  field)  is  the  appropriate  electrical  conductivity  to  use  in  the  expres¬ 
sion  for  the  skin  depth.  The  RF  attenuation  (in  dB)  experienced  by  a  plane 
wave  propagating  a  distance,  d,  is  8.68  d 16. 

Since  the  RF  transmitter  power  in  solid  state  experiments  is  usually 
very  large,  it  is  important  to  calculate  the  power  required.  The  RF 
transmitter  is  used  to  rotate  the  nuclei  in  the  sample  about  prescribed 
axes.  The  faster  the  rotation,  the  larger  the  power  required.  The  magnetic 
intensity  H(d)  required  to  rotate  the  nuclei  at  the  location,  d,  by  B(d) 
(degrees)  during  a  pulse  of  duration,  T,  is  given  by 


H(d) 


2  9(d) 

360  7  r  /iQ  * 


(10) 


2 

The  power  crossing  a  unit  area  (W/m  )  at  the  location  d  is  given  by  (Ref. 
58) 


2  1/2 

p(d)  -  (H(d)r  {uvular' * . 


(id 


The  power  crossing  a  unit  area  at  the  surface  of  the  composite  sample  can  be 
computed  using  Equation  (9),  which  accounts  for  the  attenuation  caused  by 
the  carbon-fiber  composite. 


3.4.2  Carbon-Fiber  Samples  Carbon-f iber/epoxy  composite  samples  were 
fabricated  from  AS-4/3501-6  from  Hercules,  Inc.  (Magna,  Utah).  The  conduc- 

4 

tivity  of  the  fibers,  °'||»  is  about  7x10  S/m.  The  samples  were  cured  for 
one  hour  at  390  K,  followed  by  curing  for  three  hours  at  450  K. 
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Consolidation  of  the  samples  was  achieved  during  cure  by  either  encasing 
them  in  a  vacuum  bag  or  by  applying  mechanical  pressure;  a  high-pressure 
autoclave  was  not  used.  From  previous  measurements  (Ref.  59) ,  we  estimate 
that  the  fiber  fraction,  f,  was  about  0.7. 

3.4.3  Network  Analyzer  Measurements  The  RF  attenuation  caused  by  carbon- 
fiber  composite  panels  having  different  fiber  orientations  and  thicknesses 
were  measured  using  a  Hewlett  Packard  HP-8510  network  analyzer.  The 
transmit-and-receive  portions  of  the  analyzer  were  connected  to  single-turn, 
2.5-cm-diameter  loops  placed  about  1  cm  apart  in  either  a  coaxial  or 
coplanar  orientation,  as  shown  in  Figures  5  (a)  and  (b),  respectively.  The 
loops  were  electrostatically  shielded  (Ref.  60)  to  ensure  measurement  of 
only  the  RF  magnetic  fields.  The  frequency  was  swept  between  45  and  300 
MHz.  The  network  analyzer  was  calibrated  to  measure  0-dB  attenuation  in  the 
absence  of  a  panel,  and  the  attenuation  caused  by  a  carbon-fiber  composite 
panel  was  measured  by  placing  the  panel  midway  between  the  coils.  Table  6 
shows  results  for  19  x  19-cm  cross-ply  (N=2,  0^0° ,  a2*90°)  and  7  x  7-cm 
unidirectional  (N=2,  a^=0°)  panels. 


Coaxial  f  Coplanar 


89-221-214b 

Figure  5.  Coaxial  (a)  and  coplaner  (b)  coil  configurations  used  to  measure  the 
attenuation  of  the  RF  magnetic  field  caused  by  carbon-fiber  composite 
panels  using  a  network  analyzer. 
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The  results  for  the  cross-ply  panels  show  that  the  attenuation  was 
greater  when  the  coils  were  coaxial  than  when  they  were  coplanar.  The  RF 
magnetic  fields  in  the  coaxial  case  tend  to  be  normal  to  the  surface,  con¬ 
trary  to  the  conditions  required  in  the  second  approximation  given  above. 

The  RF  fields  bend  upon  approaching  the  surface  of  the  panel  in  an  attempt 
to  become  parallel  to  the  surface,  but  the  transmit-and-receive  coils  can 
only  couple  to  each  other  in  the  coaxial  arrangement  with  the  RF  magnetic 
field  normal  to  the  surface.  Thus,  the  RF  that  does  propagate  through  the 
panel  but  is  parallel  to  the  surface,  will  not  be  detected  at  the  receive 
coil  in  the  coaxial  arrangement.  The  electrical  conductivity  a( 90°,^)  for 
the  cross-ply  panels  was  predicted  to  be  25,000  S/m  by  use  of  Equation  (6) 
with  f*0.7,  N«2,  a1-0°,  a2-90°,  5*90°,  f  arbitrary,  ff||*70,000  S/m,  and 
neglecting  <7^.  The  coplanar  incremental  amplitudes  between  the  two-ply  and 
four-ply  samples  given  in  Table  6  were  used  in  Equation  (9)  to  calculate  a. 
The  result  was  23,000  ±  12,000  S/m,  in  reasonable  agreement  with  the 
predicted  value.  Coplanar  coils  were  always  used  in  the  following  measure¬ 
ments,  since  this  arrangement  couples  the  coils  with  RF  oriented  parallel  to 
the  surface,  which  is  the  primary  propagation  mode  for  these  samples. 

Table  6.  Network  analyzer  RF  attenuation  results  for  carbon-fiber  composite  panels. 


Coll 


configuration/ 

panel 


Coaxial/ 

0°,  90°  cross-ply, 
19  x  19  cm 

Coplanar/ 

0°,  90°  cross-ply, 
19  x  19  cm 


Coplanar/ 
unidirectional, 
electric-field  X 
fibers,  7  x  7  cm 


Coplanar/ 
unidirectional, 
electric  field  II 
fibers,  7  x  7  cm 


Thickness 

Relative  magnetic-field  amplitude 

45  MHz 

96  MHz 

198  MHz 

300  MHz 

No  panel 

1 

1 

1 

1 

2-ply  (»  0.27  mm) 

0.24 

0.11 

0.045 

0.022 

4-ply  (a  0.53  mm) 

0.10 

0.045 

0.018 

0.010 

No  panel 

1 

1 

1 

1 

2-ply  (»  0.27  mm) 

0.40 

0.32 

0.22 

0.13 

4-ply  (a  0.53  mm) 

0.20 

0.14 

0.079 

0.050 

6-ply  (»  0.80  mm) 

0.14 

0.079 

0.045 

0.018 

24-ply  (3.2  mm) 

• 

* 

* 

* 

No  panel 

1 

1 

1 

1 

31 -ply  (4  mm) 

0.95 

0.88 

0.72 

0.63 

61 -ply  (8  mm) 

0.94 

0.85 

0.72 

0.60 

No  panel 

1 

1 

1 

1 

31 -ply  (4  mm) 

0.78 

0.53 

0.34 

0.27 

61 -ply  (8  mm) 

0.68 

0.50 

0.34 

0.28 

*  Too  small  to  measure;  «  0.01. 
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The  RF  attenuation  produced  by  the  unidirectional  panels  should  have 
been  very  small  for  one  polarization  of  the  RF  magnetic  field  and  very  large 
for  the  other  polarization.  The  measured  results  were  inconsistent,  prob¬ 
ably  because  the  small  size  of  the  panels  allowed  the  RF  fields  to  go  around 
the  edges  of  the  panels,  producing  an  apparent  small  attenuation.  Thus, 
these  results  give  a  lower  bound  on  the  attenuation  for  unidirectional 
carbon-fiber  composites.  When  the  RF  magnetic  field  is  applied  parallel  to 
the  fibers  so  that  the  electric  field  was  perpendicular  to  the  fibers 
(0*90°,  ^*90°),  Equation  (6)  predicts  that  the  conductivity  is  equal  to 


O^,  with  the  resulting  attenuation  being  small.  The  measured  attenuation 
was  small,  as  shown  in  Table  6,  and  when  used  in  Equation  (9)  to  calculate 
the  effective  conductivity,  the  <7^  values  ranged  from  0.3  to  11  S/m. 

When  the  RF  magnetic  field  is  applied  perpendicular  to  the  fiber  axes  so 
that  the  electric  field  was  parallel  to  the  fibers  (0=90° ,^=0° ) ,  Equation 


(6)  predicts  a  (90°,0°)  =  fa 


II 


49,000  S/m,  resulting  in  amplitude  factors 


of  0.00002  or  less.  Table  6  shows,  however,  measured  values  not  less  than 
0.28.  The  finite  size  of  the  panel  limits  current  flow  along  the  fiber, 
causing  the  RF  to  "leak"  around  the  sides  of  the  panel.  When  the  fibers  are 
longer  than  one-half  the  RF  wavelength,  the  current  can  flow  without  fiber 
ends  interfering,  and  the  leakage  problem  will  be  reduced.  The  lower-than- 
expected  attenuation  quite  likely  is  also  due  to  imperfections  in  the  coils 
and  to  samples  which  allowed  components  of  the  RF  magnetic  field  to  lie  in 
the  direction  where  the  attenuation  was  very  small;  i.e.,  alignment  of 
portions  of  the  RF  electric  field  perpendicular  to  the  fiber  directions 
allows  the  RF  to  leak  through  the  panel. 


3.4.4  Nonimaging  NMR  Measurements  Four  small,  cylindrical,  carbon- 
fiber  /epoxy  samples  were  fabricated,  as  shown  in  Figure  6,  for  evaluating 
the  effects  of  fiber  orientation  on  RF  attenuation  by  use  of  nonimaging  NMR. 
In  all  cases,  a  1-mm-diameter  hole  was  drilled  to  a  depth  a  few  millimeters 
beyond  the  center  of  the  sample  to  accommodate  a  capillary  tube  containing 
water.  The  axis  of  the  1-mm  hole  was  always  colinear  with  the  probe 
solenoidal  coil  axis  in  the  NMR  experiments.  Sample  U  contained 
unidirectional  fibers  aligned  parallel  to  the  cylinder  axis,  and  sample  C 
contained  fibers  circumferentially  wound  about  the  axis  of  the  cylinder. 

The  consolidation  in  samples  U  and  C  was  not  as  good  as  normally  achieved 
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(c)  Sample  XPL  (d)  Sample  XPR 


Figure  6.  Carbon-fiber  composite  NMR  samples  used  to  measure  the  attenuation 
of  the  RF  magnetic  field.  In  (a)  ail  carbon  fibers  are  parallel  to  the 
cylinder  axis;  (b)  all  fibers  are  wound  circumferentially  around  the 
cylinder  axis;  (c)  0-  and  90-degree  carbon-fiber  plies  are  parallel  to  the 
coil  axis;  (d)  0-  and  90-degree  carbon-fiber  plies  are  perpendicular  to 
the  coil  axis. 


because  neither  vacuum  bagging  nor  mechanical  pressure  was  applied  during 
curing.  Sample  XPL  contained  0°,  90°  cross-plies  oriented  with  the  ply 
planes  parallel  to  the  coil  axis,  and  sample  XPR  contained  0°,  90°  cross- 
plies  oriented  perpendicular  to  the  coil  axis. 

Hydrogen  NMR  measurements  were  conducted  at  300  MHz  in  our  Bruker  MSL- 
300  spectrometer  using  a  solenoidal  coil  of  10-mm  inside  diameter.  The 
composite  samples  detuned  the  probe  considerably  from  tuning  on  water  only. 
Proper  tuning  was  achieved  for  all  samples  by  incorporating  variable  capaci¬ 
tors  in  both  the  phase  and  impedance  sides  of  the  probe  circuit.  The  Q  of 
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the  probe,  the  duration  of  the  pulsed  RF  magnetic  field  needed  to  achieve  a 
90-degree  rotation  of  the  hydrogen  nuclei,  T^,  and  the  integrated  NMR 
signal  of  the  water,  S,  were  measured.  The  applied  RF  power  was  held  con¬ 
stant  at  approximately  530  watts  during  these  experiments.  The  signal,  S, 
measures  the  attenuation  of  the  NMR  signal  as  it  propagates  out  from  the 
water,  and  1/t^q  [see  Equation  (10)3  measured  the  attenuation  of  the  RF 
field  as  it  propagates  into  the  water.  Since  these  attenuations  should  be 
equal,  we  expect  the  product  St^q  to  be  a  constant. 

The  RF  magnetic  field  at  the  surface  of  these  samples  can  be 
approximated  by  summing  the  RF  fields  of  the  probe  coil  and  a  coaxial  image 
coil  (in  effect,  a  coil  giving  fields  replicating  the  induced  eddy  currents) 
located  inside  the  sample.  The  conductivity  to  use  in  the  skin-depth  calcu¬ 
lations  is  the  effective  conductivity  along  the  current  paths  defined  by 
this  image  solenoid. 

The  current  path  in  sample  U  (fiber  axes  unidirectional  along  the  RF 
magnetic  field  direction)  is  everywhere  perpendicular  to  the  carbon-fiber 
axes;  the  effective  conductivity  in  this  case  is  a A  small  attenuation  is 
therefore  predicted,  and  the  attenuation  factor  was  measured  to  be  0.55,  as 
shown  in  Table  7.  Using  Equation  (9),  the  effective  conductivity 
perpendicular  to  the  fibers,  a was  found  to  be  25  S/m. 

The  current  path  in  sample  C  (fibers  circumferentially  wound  about  the 
axis  of  the  cylinder)  is  everywhere  parallel  to  the  carbon-fiber  axes,  and  a 
large  attenuation  is  predicted.  The  measured  amplitude  factor  was  0.005, 
and  Equation  (9)  yields  a  conductivity  of  1,900,  a  factor  of  18  smaller  than 
the  value  of  49,000  predicted  from  Equation  (6).  This  discrepancy  could  be 
the  result  of  poor  fiber  consolidation  or  broken  fibers,  due  to  the  diffi¬ 
culty  in  tightly  wrapping  the  carbon-fiber  prepreg  around  the  1-mm-diameter 
mandrel  without  breaking  the  fibers.  A  more  likely  explanation  is  that  the 
connecting  leads  to  the  solenoidal  probe  coil  produced  components  of  the  RF 
magnetic  field  that  were  in  a  direction  to  induce  currents  perpendicular  to 
the  fibers,  and  thereby  experienced  much  less  attenuation.  Moreover,  the 
fiber  winding  would  have  to  be  in  nearly  exact  alignment  with  the  RF  coil 
for  very  high  attenuations  to  be  observed.  RF  leakage  along  the  open,  1-mm 
hole  may  have  also  contributed  to  the  small  observed  conductivity. 

The  current  paths  in  sample  XPL  (containing  0°,  90°  cross-plies 
oriented  parallel  to  the  cylinder  axis)  are  both  along  the  fiber  axes  and 
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across  the  plies.  Since  the  conductivity  across  the  plies,  a..  .,  is 

J_i,i+1 

about  1,000  times  smaller  than  that  along  the  fibers,  0||>  the  result  is 

dominated  by  O..  .  as  follows  from  Equation  (5).  Thus,  the  predicted 

J_l,i+1 

attenuation  is  small,  and  the  amplitude  factor  was  measured  to  be  0.32, 

corresponding  to  an  effective  conductivity  of  120  S/m,  or  O. .  ,  *  170  S/m, 

J_i ,  l+ 1 

in  good  agreement  with  NMR  imaging  results  presented  below. 

The  current  paths  in  sample  XFR  are  effectively  parallel  to  the  fiber 
axes  (in  one  ply  for  two  sides  of  the  eddy  current  loop,  and  in  the  adjacent 
ply  for  the  other  two  sides  of  the  loop),  so  a  large  attenuation  is  pre¬ 
dicted.  Table  7  shows  the  amplitude  factor  to  be  0.05,  which  yields  an 
effective  conductivity  of  840  S/m,  much  lower  than  the  calculated  value  of 
49,000  S/m.  As  was  the  case  with  sample  C,  this  discrepancy  was  probably 
caused  by  stray  RF  magnetic  fields  arising  from  imperfections  in  the  RF  coil 
and  to  leakage  along  the  1-mm  hole. 


Table  7.  Nonimaging  NMR  RF  attenuation  results 
for  carbon-fiber  composite  samples. 


Configuration*1* 

Integrated 
NMR 
signal 
of  water*1* 

s 

Duration 
of  90° 
pulse/3* 

90  (MS) 

Probe 

Q 

Sxjj 

(MS) 

S 

T90_/Q 

W 

Water  alone 

1.00 

1.30 

165 

1.30 

0.078 

16.7 

(a)  Fibers  parallel 
to  cylinder  axis 

0.55 

2.3 

55 

1.27 

0.074 

17.0 

(b)  Fibers  wound 
circumferentially 

0.005 

150 

27 

0.75 

0.001 

780 

(c)  Plies  parallel 
to  coil  axis 

0.32 

3.85 

23 

1.23 

0.067 

18.5 

(d)  Plies  perpen¬ 
dicular  to  coil  axis 

0.05 

25 

23 

1.25 

0.010 

120 

•  (1)  S«e  Figure  6.  89-221-242* 

(2)  Relnive  to  water  alone 

(3)  Fixed  rf  power  level  of  approximately  530  watta 


3.4.5  NMR  Imaging  Measurements  We  find  that  the  NMR  imaging  measurements 
of  electrical  conductivity  are  more  accurate  than  the  network  analyzer  and 
nonimaging  measurements  described  above  because  NMR  imaging  is  much  less 
susceptible  to  errors  caused  by  leakage  of  the  RF  magnetic  field  around  or 
into  the  sample.  This  problem  is  avoided  because  the  samples  used  for  NMR 
imaging  completely  surround  the  detected  phantoms,  and  spatial  selectivity 
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obtained  by  use  of  imaging  volume  selection  techniques  and  surface  coils 

★ 

allow  detection  of  only  the  region  of  interest. 

Hydrogen  NMR  imaging  measurements  were  made  at  85  MHz  using  a  General 
Electric  CSI  2-T  magnetic  resonance  imaging  spectrometer  with  a  310-mm  bore. 

Shielded  gradient  coils  produced  gradients  of  greater  than  2  mT/cm,  with 
rise  and  fall  times  of  less  than  1  ms.  A  large-volume,  bird-cage  RF  coil 
(Ref.  61)  was  used,  which  allowed  imaging  samples  100  mm  in  diameter.  A 
surface  coil  was  also  used  which  precisely  defined  the  entry  point  and 
polarization  of  the  RF  magnetic  field.  Two-dimensional  images  were  obtained 
using  the  imaging  pulse  sequence  shown  in  Figure  7,  which  is  a  variant  of 
Fourier  imaging  (Ref.  62).  An  echo  time  Tg  =  1  ms  and  magnetic  field 
gradients  of  0.35  mT/cm  were  used  to  obtain  all  the  results  presented  in 
this  section. 

Attenuation  of  the  RF  magnetic  field  was  measured  in  7-  x  7-cm  cross- 
ply  (N=2,  <*^“0°,  02=90°),  unidirectional  (N=l,  0^=0°),  and  chopped-carbon- 
fiber  (W6-mm  length)  panels  containing  1-  x  3-  x  7-mm  phantoms  made  of  cut 
rubber  bands  placed  at  various  depths  from  the  surface  and  at  various 
locations  from  the  edges.  A  series  of  measurements  were  made  on  a  cross-ply 
panel  to  determine  the  conductivity  parallel  to  the  plies,  0(90°,^) 
(appropriate  for  imaging  the  center  of  a  large  panel),  and  in  a  direction 
perpendicular  to  the  plies,  O(0°,^)  (appropriate  for  imaging  the  edge  of  a 
panel) . 

A  surface  coil  with  its  axis  parallel  to  the  surface  of  the  cross-ply 
panel  and  nearly  touching  the  surface,  as  shown  in  Figure  5(b),  was  used  to 
measure  <7(90°,^).  The  static  magnetic  field  was  normal  to  the  plies,  and 
the  RF  magnetic  field  was  parallel  to  the  plies.  NMR  images  were  obtained 
of  rubber-band  phantoms  mounted  on  the  surface  of  cardboard  as  a  reference, 
mounted  on  the  surface  of  the  cross-ply  panel,  and  located  0.25,  0.5,  1.0 
and  2.0  mm  below  the  surface  of  the  cross-ply  panel.  The  reference  image 
was  obtained  with  a  25-fis,  90-degree  RF  pulse  using  a  transmitter  power  of 
21  W.  For  all  measurements,  the  RF  pulse  length  and  transmitter  power  were 
adjusted  to  produce  the  90-  and  180-degree  pulses  needed  for  the  imaging 
experiment,  with  the  transmitter  power  ranging  from  21  to  94  W.  An  image  of 


*NMR  imaging  is  a  useful  technique  for  accurately  measuring  RF 
magnetic  field  strengths  when  the  presence  of  pickup  coils  alter 
the  value  of  the  fields  being  measured. 


24 


90°  180° 


89-221-216 

Figure  7.  NMR  imaging  experiment  pulse  sequence  and  resulting  NMR  signal 


the  sample  at  2-mm  depth  could  not  be  obtained  because  o£  the  large  RF 
attenuation  at  this  depth. 

The  normalized  image  volume  and  the  inverse  of  the  normalized  90-degree 
pulse  length  multiplied  by  the  square  root  of  the  transmitter  power  [see 
Equations  (10)— (11))  are  plotted  in  Figure  8  as  a  function  of  depth  in  the 

sample  configurations  listed  above.  Both  sets  of  data  at  zero  depth  (i.e., 
a  rubber-band  phantom  mounted  on  the  surface  of  the  panel)  show  that  the 
amplitude  of  the  RF  magnetic  field  next  to  the  surface  of  the  panel  is  in¬ 
creased  by  a  factor  of  three  as  a  result  of  the  induced  surface  currents. 
Opposite  the  attenuation  effect  of  the  eddy  currents  which  decreases  the 
strength  of  the  RF  magnetic  field  inside  the  sample,  the  eddy  currents 
increase  the  RF  magnetic  field  strength  just  outside  the  the  ample  between 
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Figure  8.  Measured  attenuation  of  the  RF  magnetic  field  caused  by  a  carbon-fiber  cross-ply 
composite  panel  as  the  field  propagated  into  the  face  of  the  sample  perpendicular 
to  the  plies  (along  6  =  180°).  Data  for  both  the  reduction  in  image  volume  and 
the  inverse  pulse  length  multiplied  by  the  square  root  of  the  transmitter  power 
necessary  to  achieve  a  90-degree  RF  pulse  rotation  are  shown.  The  lines  are  the 
best  fits  to  the  data. 


the  surface  of  the  sample  and  the  coll.  Use  of  the  measured  Image  volumes 
In  Equation  (8)  yield  <7(90°,^)  =  29,000  S/m,  and  the  pulse-length-and-power 
data  yield  (7(90°,^)  =  26,000  S/m.  These  results  give  <7|  |  equal  to  74,000  or 
83,000  S/m,  In  reasonable  agreement  with  the  manufacturer's  value  of 
70,000  S/m. 

The  bird  cage  coil  was  used  to  determine  <7(0°, in  the  cross-ply 
sample.  The  sample  was  8  mm  thick  and  had  an  oil  phantom  which  extended 
from  the  center  to  one  edge  of  the  panel  and  was  located  between  the  two 
plies  at  the  center  of  the  panel.  This  panel  was  well  consolidated,  and  no 
ply  separation  occurred  except  in  the  immediate  vicinity  of  the  phantom. 

The  transmitter  power  was  held  constant  at  2.25  kW,  and  a  series  of  images 
were  obtained  as  the  pulse  length  was  Incrementally  increased.  The  length 
of  the  90-degree  pulse  in  the  absence  of  the  carbon-fiber  sample  was  30  /is. 
The  static  magnetic  field  was  oriented  perpendicular  to  the  plies,  and  the 
RF  magnetic  field  was  parallel  to  the  plies. 
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The  field  directions  here  are  the  same  as  in  the  experiments  described 
above  for  measuring  0(90°,^).  However,  in  those  experiments,  a  surface  coil 
was  used  at  the  location  of  a  phantom  beneath  the  surface,  and  the  RF  mag¬ 
netic  field  propagated  inward  normal  to  the  plies.  Here,  the  phantom  is  far 
from  the  surface  (4  mm).  Therefore,  the  propagation  inward  and  normal  to 
the  plies  experiences  very  large  attenuations,  and  the  propagation  that  is 
observed  instead  comes  in  from  the  panel  edge,  parallel  to  the  plies. 

An  RF  pulse  of  a  particular  length  rotates  by  90  degrees  the  *H  at 
the  edge  of  the  sample.  The  pulse  rotation  angle,  8,  is  related  to  the 
pulse  length,  Tg,  and  power,  P,  as  follows  [see  Equations  (10)-(11)]: 


8  a  TgVP  . 


(12) 


The  RF  power  decreases  exponentially  with  increasing  depth  into  the  sample 
according  to  Equation  (9),  as  does  the  pulse  rotation  angle.  From  Equations 
(9)  and  (12),  we  see  that  when  Tg  is  increased,  the  position  of  the  90- 
degree  rotation  moves  deeper  into  the  sample.  At  2T^q  RF  pulse  lengths,  the 
*H  nuclei  at  the  edge  of  the  sample  experience  a  180-degree  rotation,  and  a 
null  appears  in  the  image  at  this  point  (i.e.,  these  *H  nuclei  do  not  con¬ 
tribute  to  the  observed  transverse  magnetization) .  As  Tg  is  increased  from 
Tg  =  ^r9o’  t*ie  nuH  moves  deeper  into  sample.  The  position  of  the  null  thus 
provides  an  accurate  position  for  the  volume  element  at  which  a  180-degree 
rotation  is  occurring,  and  this  position  as  a  function  of  pulse  length,  T, 
provides  Information  from  which,  by  use  of  Equation  (9),  we  can  quantify 
0(0°,^).  The  reciprocal  of  the  pulse  lengths  are  plotted  as  a  function  of 
the  null  positions  in  Figure  9,  which  yields  0(0°,^)  *  0,.  .  .  =  130  S/m,  in 
agreement  with  the  results  for  sample  XPL. 

RF  attenuations  smaller  than  those  predicted  were  observed  in  samples 
containing  large  delaminations  caused  by  the  irregular  shapes  of  the  phantom 
and/or  in  samples  that  had  poor  consolidation  during  curing.  The  effect  of 
delaminations  on  RF  propagation  deserves  further  mention.  The  region 
between  two  conducting  aluminum  plates  in  close  proximity,  but  separated  by 
an  electrical  insulator,  can  be  imaged  if  the  RF  magnetic  field  is  applied 
parallel  to  the  plane  of  the  plates  (Ref.  63).  For  this  polarization,  the 
induced  eddy  currents  must  cross  the  electrical  insulator,  so  negligible  RF 
attenuation  occurs. 
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Figure  9.  Measured  attenuation  of  the  RF  magnetic  field  caused  by  a  carbon-fiber  cross-ply 

composite  panel  as  the  field  propagated  into  the  edge  of  the  sample  parallel  to  the  plies 
(along  0  =  90°).  The  line  is  the  best  fit  to  the  data. 

Another  case  In  which  small  attenuations  of  the  RF  magnetic  field  were 
observed  occurred  when  the  carbon  fibers  were  cut.  In  one  case,  we  drilled 
a  hole  through  the  plies,  inserted  a  phantom,  and  replugged  the  hole  with  a 
close-fitting  carbon-fiber  composite  piece.  The  NMR  image  we  observed  had 
an  amplitude  at  least  30  times  larger  than  that  from  an  identical  phantom 
incorporated  behind  continuous  fibers. 

A  chopped-carbon- fiber  panel  having  randomly  oriented  (or  perhaps 
oriented  slightly  parallel  to  the  plane  of  the  panel),  6-mm-long  fibers  was 
imaged,  and  was  found  to  have  an  effective  (isotropic)  conductivity  similar 
to,  but  somewhat  less  than,  £7(90°,^)  of  the  cross-ply  composite.  Because 
fiber  length,  orientation,  consolidation,  and  volume  fraction  all  strongly 
affect  the  conductivity,  the  study  of  chopped,  carbon-fiber  samples  was  not 
continued.  More  importantly,  the  size  of  the  attenuation  observed  was 
sufficient  to  group  the  assessment  of  NMR  and  NMR  imaging  of  chopped-f iber 
materials  with  the  assessment  of  cross-ply  materials  where  the  RF  is 
propagating  in  through  the  face  of  the  panel,  i.e.,  £7(90°, ^). 

3.4.6  Discussion  Table  8  summarizes  the  values  of  the  components  of  the 
electrical  conductivity  of  AS-4/3501-6  carbon  fiber  epoxy  composites 
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Table  8.  Summary  of  predicted  and  measured  values  of  the 

components  of  the  electrical  conductivity  of  AS-4/3501-6 
carbon-fiber  epoxy  composites. 


Component 

Predicted 

Measured 

Measurement 

(S/m) 

(S/m) 

Technique 

70,000* 

66,000  ±  34,000 

Network  analyzer 

74,000  to  83,000 

NMR  imaging 

<*± 

b 

0.3  toll* 

Network  analyzer 

25 

Nonimaging  NMR 

®Li,i  +  l 

b 

120 

Nonimaging  NMR 

for  0°,  90° 
crou-pliei 

130 

NMR  Imaging 

a  Uiing  manufacturer1!  value,  Ref.  12 
^Not  predictable 

c  Measured  value*  are  lower  bound! 


determined  by  use  o£  the  various  techniques ,  but  excluding  the  values  of 
conductivities  determined  from  experiments  in  which  stray  fields  were 
suspected  to  have  seriously  affected  the  results.  In  all  cases,  the 
measured  conductivities  were  large  enough  to  satisfy  the  conditions  for  the 
carbon-fiber  composite  to  be  classified  as  a  good  conductor  [see  Equation 
(7)].  These  results  allow  a  more  definitive  discussion  of  NMR  and  NMR 
imaging  of  carbon-fiber  composite  materials  that  also  satisfy  the  condition 
that  their  size  is  large  compared  to  the  skin  depth  6 ,  [Equation  (8)]. 

To  assess  the  effects  of  the  carbon  fibers  on  NMR  and  NMR  imaging  of 
QMC  materials,  the  simplest  way  to  begin  is  to  consider  the  RF  power  re¬ 
quirements  for  NMR  experiments  of  carbon-fiber  composites.  Equations  (7)- 

2 

(11)  are  combined  to  obtain  the  required  RF  power  per  unit  area  (W/m  ) 
entering  the  surface  of  a  carbon-fiber  composite  sample  to  produce  a 
rotation  0(d)  of  the  nuclei  at  a  depth,  d,  using  an  RF  pulse  of  duration,  T. 
The  result  is 

2 

P(0)  *  I  l8097dT  ]  W0">1,Z  exP[2d  <^V>1/2]  •  (12) 

The  appropriate  value  of  conductivity  to  use  in  Equation  (12)  is  discussed 
following  Equation  (9).  Equation  (12)  has  the  advantage  that  it  is  not 
dependent  upon  the  geometry  of  the  sample  or  RF  coil.  It  simply  states  the 
RF  power  dissipated  per  unit  area  in  the  sample  due  to  ohmic  losses,  given 
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the  desired  RF  magnetic  field  at  some  location,  d,  in  the  sample.  This 
equation  shows  that  the  required  transmitter  power  can  be  reduced  by 
reducing  the  area  of  the  sample  being  imaged. 

Equation  (12)  can  be  used  to  compute  representative  required  RF  powers 
per  unit  area  provided  some  reasonable  assumptions  are  made.  First,  we 
asstime  that  hydrogen  nuclei  are  being  imaged  so  that  7  -  42.57  MHz/T.  Also, 
since  solid-state  experiments  require  rapid  rotation  of  the  nuclei,  we 
assume  that  an  RF  pulse  of  duration  T  ■  5  /Is  will  be  required  to  produce  a 
rotation  8(d)  =  90°.  Using  these  values  in  Equation  (12),  the  required  RF 
power  per  unit  area  can  be  calculated  for  different  operating  frequencies, 

P,  depths,  d,  and  conductivities,  a,  corresponding  to  different  sample 
orientations  relative  to  the  RF  magnetic  field.  These  results  are  shown  in 
Figure  10  for  propagation  into  the  cross-ply  sample,  along  the  direction 
6  »  180°,  where  o  -  25,000  S/m. 


Figure  10.  The  transmitter  power  density  required  to  generate  a  5-ps,  90-degree  rotation  of 
hydrogen  nuclei  as  a  function  of  frequency  in  a  cross-ply  carbon-fiber  composite 
sample  where  the  RF  propagation  is  perpendicular  to  the  plies  (along  0=180°). 

Curves  are  plotted  for  hydrogen  nuclei  at  1-,  3-  and  6-mm  depths  into  the  cross- 
ply  sample. 

2 

If  we  assume  that  5  kW/cm  is  the  maximum  transmitter  power  density 
available  (larger  transmitters  might  be  feasible,  but  the  power  dissipation 
becomes  so  large  that  sample  heating  becomes  a  significant  issue),  and 
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10  MHz  Is  a  minimum  usable  frequency  (we  discuss  going  to  lower  frequencies 
In  Section  4.0),  Figure  10  shows  that  3-tnm  depths  are  already  inaccessible. 
Even  when  mobile  hydrogen  (i.e.,  for  an  invasive  fluid  or  solvent)  is 
observed,  in  which  case  can  be  increased  by  an  order  of  magnitude,  6-mm 
depths  are  still  inaccessible. 

Transmitter  power  is  only  one  potential  problem  caused  by  the 
conductive  nature  of  the  carbon-fibers.  Power  dissipation,  variation  in  the 
RF  pulse  rotation  angles,  and  especially  sensitivity  as  a  function  of  depth 
into  the  material  become  significant  issues.  The  relative  sensitivity  of 
constant  densities  of  hydrogen  nuclei  as  a  function  of  frequency  and  depth 
can  be  roughly  approximated  in  these  materials.  If  T^  dependencies  and 
variations  in  probe  constructions  we  ignored  (we  address  these  dependencies 
in  the  assessment  made  in  Section  4.0),  the  signal-to-noise  (S/N)  depends 
3/2  * 

approximately  on  V  for  a  non-lossy  material.  Since  the  S/N  is  linearly 
dependent  on  the  induced  voltage  caused  by  the  nuclear  magnetic  moments, 
which  experience  attenuation  governed  by  Equation  (8),  we  have 

S/N(l/,d)  a  l/3/2  exp{-d(  ff/1  I/O)112}  .  (13) 

This  function  is  plotted  in  Figure  11  for  a  non-lossy  material  (d=*0),  for 
depths  of  1,  3,  and  6  mm.  Going  to  10  MHz  at  3-mm  depth,  the  S/N  is  reduced 
by  a  factor  of  300  from  a  non-lossy  material  at  85  MHz.  To  obtain  the  same 
S/N  at  10  MHz  with  a  cross-ply  composite  material  as  at  85  MHz  with  a  non- 
lossy  material  (i.e.,  nominal  NMR) ,  the  experiment  might  take  100,000  times 
longer.  In  Section  4.0,  we  show  that  T^  considerations  do  not  improve  this 


*  W.  G.  Clark,  Pulsed  Nuclear  Resonance  Apparatus,  Rev.  Sci. 

Instrum.  35(3),  316  (1964),  Eq.  12(a).  In  D.  I.  Hoult,  The  NMR 
Receiver:  A  Description  and  Analysis  of  Design,  Prog.  NMR 
Spec.  12,  41  (197g),  a  in  Clark's  Ea.^l2(&)  is  shown  to  be 
proportional  to  */  ,  so  that  S/N  a  I/'3  L  for  non-lossy  materials. 
Although  this  is  an  approximation,  the  u  dependence  best 
follows  empirical  data  [see,  for  example,  Bruker  Almanac  1989 
(Bruker  Instrum.,  Inc.  1989,  p.  92].  The  exact  power  of  l/, 
however,  does  not  affect  the  conclusions  about  RF  attenuation 
as  a  function  of  frequency  to  any  great  extent.  Much  more 
important  is  the  value  of  a  for  the  system  being  studied. 
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Figure  11.  The  relative  signal-to-noise  for  NMR  and  NMR  imaging  experiments  as  a  function 

of  frequency  in  a  cross-ply  carbon-fiber  composite  sample  where  the  rf  propagation  is 
perpendicular  to  the  plies  (along  8  =  90°).  Curves  are  plotted  for  hydrogen 
nuclei  at  1  3-  and  6-mm  depths  into  the  cross-ply  sample.  The  straight  line  is 

the  S/N  dependence  expected  from  a  non-lossy  sample. 

situation  much.  Whereas  in  NMR  imaging  of  non-lossy  materials,  we  would 
want  as  high  a  static  magnetic  field  strength  (and  thus  a  high  frequency)  as 
possible  for  S/N  reasons,  this  possibility  is  excluded  because  of  the  con¬ 
ducting  nature  of  the  sample.  The  decreasing  S/N  with  increasing  frequency 
behavior,  displayed  in  Figure  11,  is  observed  in  other  related  areas.  At 
very  high  frequencies,  such  as  the  case  for  electron  spin  resonance,  lower 
S/N  values  are  observed  when  going  to  higher  static  magnetic  field  strengths 
in  studies  of  lossy  materials  (Ref.  64).  Thus,  although  Equation  (13)  is  an 
approximate  relationship,  going  to  lower  static  magnetic  field  strengths  and 
thus  decreasing  the  S/N  substantially  in  comparison  to  nominal  NMR,  is 
necessary  for  NMR  to  have  any  possibility  of  imaging  OMC. 

These  considerations  along  with  the  transmitter  power  requirements 
shown  in  Figure  10  indicate  that  NMR  and  NMR  imaging  of  features  at  depths 
>3  mm  in  carbon-fiber  cross-ply  (and  similarly,  chopped  fiber)  composites  at 
frequencies  >10  MHz  (0.235  T)  is  not  feasible  when  the  RF  must  propagate 
perpendicular  to  the  plies.  Even  if  technical  advances  are  made  in  experi¬ 
mental  design  of  probes,  only  a  millimeter  or  two  improvement  seems  pos- 
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slble.  Also,  for  flaws  such  as  delaminations  and  broken  fibers,  where  the 
eddy  current  pathways  are  broken,  the  RF  must  first  reach  the  area  of  the 
flaw.  Unless  the  delaminations  or  broken  fibers  propagate  from  close  to  the 
surface,  RF  attenuation  will  prevent  detection  as  it  does  with  other  fea¬ 
tures.  Nominal  NMR  and  NMR  imaging  do  not  therefore  appear  to  be  viable  NDE 
techniques  for  the  inspection  of  large-scale  carbon-fiber  composite  pieces 
such  as  wing-skins.  Assessment  and  possible  designs  of  low-field  NMR 
spectrometers  are  discussed  in  Section  4.0. 

Equation  (12)  can  be  evaluated  for  propagation  parallel  to  the  plies 
(0*90°),  where  a  -  130  S/m  instead  of  25,000  S/m.  Figures  12  and  13  show 
the  transmitter  power  density  and  relative  S/N,  respectively,  for  this 
experimental  arrangement  as  a  function  of  frequency  and  depth.  Note  that 
1-cm  depths  could  probably  be  imaged  even  at  35  MHz,  and  that  the  S/N  is 
much  improved  as  compared  to  propagation  perpendicular  to  the  plies  (see 
Figure  11).  Considering  that  propagation  parallel  to  the  plies  must  come 
from  an  edge,  being  able  to  study  only  1  cm  is  very  limiting.  Still,  NMR 
and  NMR  imaging  might  be  viable  for  studying  joints,  drop-off  regions,  and 
bulk  properties  close  to  edges  of  carbon-fiber  composite  structures. 


Figure  12.  The  transmitter  power  density  required  to  generate  a  5-ns,  90-degree  rotation  of  hydrogen 
nuclei  as  a  function  of  frequency  in  a  cross-ply  carbon-fiber  composite  sample  where  the 
RF  propagation  is  parallel  to  the  plies  (propagation  along  e  =  90°  and  E  field  along  6  =  0°). 
Curves  are  plotted  for  hydrogen  nuclei  at  1-,  2  -  and  4-cm  depths  in  from  the  edge  of  the 
cross-ply  sample. 
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Figure  13.  The  relative  signal-to-noise  as  a  function  of  frequency  in  a  cross-ply  carbon-fiber  composite 

sample  where  the  RF  propagation  is  parallel  to  the  plies  (propagation  along  0  =  90°  and  E  field 
along  9  =  0°).  Curves  are  plotted  for  hydrogen  nuclei  at  1-  cm,  2 -cm,  and  4-cm  depths  in  from  the 
edge  of  the  cross-ply  sample.  The  straight  line  is  the  S/N  dependence  expected  from  a  nonlossy 
sample. 


3.5  X*  and  Liquid/Vapor  Sorption  Experiments 

129 

NMR  of  Xe  has  been  observed  in  clathrates  (Ref.  65)  and  zeolites 

(Ref.  66),  and  recently  in  low-density  polyethylene  (Refs.  67,68).  These 

129 

studies  indicate  that  if  Xe  would  sorb  into  defect  areas  of  organic 
composites,  we  could  use  conventional  magnetic  resonance  imaging  (MRI) 
techniques  to  study  the  defects  nondestructlvely. 

129 

Four  samples  were  prepared  for  the  Xe  study  with  our  MSL-300 

spectrometer.  For  all  the  samples,  0.015  MPa  of  xenon  gas  containing  26. AX 
129 

Xe  Isotope  (natural  abundance)  was  introduced  into  our  vacuum  system,  and 

0.036  MPa  of  0_  was  added.  Cooling  the  10 -mm  o.d.  sample  tube  to  77  K  with 
t  3 

a  vacuum  system  volume  of  235  cm  ,  sealing  to  a  sample  tube  volume  of  about 
3 

6.5  cm  ,  and  reheating  to  room  temperature  produced  about  1.1  MPa  of  50X  Xe 

129 

(13X  Xe)  and  50X  0^  gas.  The  four  samples  were  (1)  pure  gas,  (2)  neat 

solid  PEEK,  (3)  crushed  neat  epoxy  resin  (Shell  Epon  9405/9470),  and  (4) 

neat  solid  epoxy  resin  with  known  voids.  The  fourth  sample  of  Shell  Epon 

9405  resin/9470  curing  agent  was  cured  at  170°C  and  ambient  pressure  for 

4  h,  and  optical  and  scanning  electron  microscopy  showed  the  presence  of  0.5- 
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to  1-^m-dia.  voids  filling  about  2Z  of  the  sample  volume. 

The  pure  gas  sample  yielded  the  results  we  anticipated.  We  observed  a 
single  resonance  line  having  a  linewidth,  Ai/,  of  20  Hz  (full  width  at  half- 
height),  and  a  of  0.35  s  (thus,  an  experiment  could  be  repeated  every 

2  s).  The  0.  acted  as  a  paramagnetic  relaxation  agent,  lowering  T.  of  the 

129  L  1 

Xe  from  55  h  (Ref.  69)  to  0.35  s.  A  reasonable  signal-to-noise  (S/N) 

ratio  was  obtained  using  our  liquids  10-mm  probe  (i.e.,  the  same  RF  system 

as  used  in  conventional  MRI  equipment)  in  one  experiment,  i.e.,  every  2  s. 

Unfortunately,  the  other  three  samples,  each  containing  polymeric 

resin,  did  not  produce  any  new  observable  resonances.  Figure  14  shows  a 
124 

typical  Xe  NMR  spectrum  of  the  crushed  epoxy  sample.  Any  interpretation 
of  the  broad  resonance  down-field  from  the  gas  peak  (at  0  ppm)  is  ambiguous 
at  this  time  because  the  probe  has  a  smaller,  but  nonnegligible  background 
signal  in  the  same  region.  A  total  of  14  h  was  needed  to  obtain  this 
spectrum. 

129 

The  inability  to  observe  Xe  resonances  in  the  polymeric  samples  in 
reasonable  experimental  times  is  most  likely  due  to  a  combination  of  unfa¬ 
vorable  factors.  The  following  relationships  are  appropriate  in  this 
context : 

S/N  a  />(  T1Al')"1/2  (14) 


Figure  14.  129  Xe  NMR  spectrum  of  sample  (3). 
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and 


(15) 


TE  a  (S/N)2  -»  TE  B  pZl{T  lit) 

where  TE  is  the  total  experimental  time  to  produce  a  particular  S/N  ratio,  p 

129  129 

is  the  Xe  density,  and  Lv  is  the  resonance  linewidth.  The  lower  Xe 

density,  p ,  in  the  samples  (Refs.  67-70)  compared  to  the  gas,  greatly 

increases  the  experiment  time  needed  to  produce  an  acceptable  S/N  ratio. 

129 

For  the  epoxy  resin  containing  2Z  voids,  we  might  expect  to  observe  Xe  in 

2 

1  h  (TE  *  2s/(0.02)  *  5,000  s),  assuming  that  the  resonance  linewidth  Al/ 

*  20  Hz.  In  unfavorable  conditions,  A V  might  become  as  large  as  8  kHz  (as 

is  apparently  the  case  in  epoxies),  which  would  increase  the  experiment  time 

129 

by  a  factor  of  400.  In  low-density  polyethylene  and  in  zeolites,  Xe 

linewidths  are  small,  but  in  PVC  the  linewidth  is  large  (Ref.  70). 

129 

Apparently,  epoxies  and  PEEK  must  have  large  Xe  linewidths,  negating  the 
129 

utility  of  Xe  NMR  for  NDE  of  organic  composite  materials;  therefore,  we 

129 

have  determined  that  Xe  NMR  is  not  a  useful  invasive  fluid  for  NDE  of 

organic  composites. 

13 

C02  is  another  invasive  fluid  that  might  be  useful  for  the  NDE  of 
OMC.  However,  the  large  cross-sectional  area  of  C02  and  experience  infers 
that  equilibration  times  of  this  fluid  into  polymeric  systems  would  be  long 
(~  2  days;  Ref.  71).  We  have  not,  therefore,  pursued  this  approach. 

13  * 

3.6  C  NMR  Line-Narrowing  and  Imaging  Experiments 

Imaging  with  proton  NMR  is  a  difficult  approach  for  solids  (Refs. 

27,45)  because  of  the  severe  homonuclear  dipole-dipole  broadening  effects 

13 

(Refs.  47-49;  see  Section  3.7)  ,  so  rare-spin  techniques  using  C  have  been 

13 

developed  for  solids  (Refs.  3,4).  C  linewidths  are  dominated  by  heteronu- 
clear  dipole-dipole  interactions  in  solid  materials,  but  line  narrowing  can 
be  achieved  by  applying  a  strong,  ^H-decoupling  RF  pulse  which  is  much  less 
demanding  than  the  multiple-pulse  sequences  needed  to  reduce  homonuclear 
dipole-dipole  broadening  interactions  (Refs.  48,49,72). 


*  Much  of  this  section  of  work  is  published  as  Ref.  2. 
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We  have  obtained  C  NMR  images  of  aerospace  polymers,  and  have 

demonstrated  that  both  chemical  shift  and  relaxation  times  can  be  used  as 

contrast  mechanisms  in  materials  with  large  proton  linewidths,  e.g.,  having 
1  13 

H  <  20  Us.  We  have  also  obtained  C  chemical-shift  images  of  small 

organic-matrix/carbon-fiber  composites.  These  experiments  demonstrate  the 

feasibility  of  performing  rare-spin  NMR  imaging  of  aerospace  materials,  and 

point  to  future  experiments  that  will  combine  contrasting  mechanisms  to  make 

NMR  imaging  truly  useful  for  solid-state  studies.  These  experiments  also 

enable  us  to  estimate  total  experimental  times  necessary  to  achieve  a 

desired  spatial  resolution,  and  to  compare  relative  advantages  and  disadvan- 
13  1 

tages  of  C  imaging  to  H  imaging  of  solid  materials. 

13 

The  C  NMR  images  were  obtained  with  the  CSU  spectrometer  consisting 

13  1 

of  a  2.3-T  superconducting  magnet,  a  C-  H  double-resonance  probe,  one  set 

of  z-gradient  coils  (parallel  to  the  static  magnetic  field  direction  -  the 

coils  are  wound  on  the  inside  of  the  probe  casing),  the  gradient  power 

supply,  RF  electronics,  and  a  computer  (Ref.  3).  The  magnetic  field 

gradient,  G,  was  calibrated  by  use  of  a  Teflon  phantom,  where  holes  of  known 

13 

sizes  were  filled  with  adamantane  as  shown  in  Figure  15(a).  The  C  NMR 
image  is  shown  in  Figure  15(b),  from  which  7G  -  8. 0*0. 5  kHz/cm  is  derived. 


(b) 


Frequency  (Hz) 


Figure  15.  Calibration  of  the  magnetic  field  gradient  G:  (a)  The  Teflon 
phantom  containing  two  holes  filled  with  adamantane,  (b)  the 
C  image  obtained  from  the  phantom.  The  numbers  show 
the  extreme  position  along  G  in  millimeters  of  each  feature  of 
the  phantom. 
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The  sequences  used  for  C  NMR  Imaging  in  this  study  are  shown  in  Figures  16 
and  17,  and  are  referred  to  here  as  Exps.  1  and  2,  respectively.  All 
imaging  experiments  were  performed  without  sample  spinning.  Data  at  7.0  T 
were  obtained  on  the  Bruker  MSL-300  spectrometer  at  MDRL. 
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Figure  17.  Schematic  diagram  of  the  pulse  sequence  used  to  obtain  13C  NMR  images 
with  *H  spin-lattice  relaxation  as  the  contrast  mechanism. 
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Samples  used  In  this  study  are  poly(aryl-ether-ether  ketone),  PEEK}  the 
epoxy  resin  diglycidal-ether  of  bisphenol-A  cured  with  2,2'- 
dlaminodiethylamine,  DER/DETA;  and  their  carbon-fiber  laminate  analogs  APC- 
II  obtained  from  ICI  Americas  (Wilmington,  DE)  and  AS-4/3501-6  epoxy  from 

Hercules  Inc.  (Magna,  Utah).  We  also  looked  at  the  3501-6  neat  epoxy  resin. 

13 

Magic-angle  spinning  (MAS)  and  nonspinning  cross-polarization  (CP)  C 
spectra  obtained  at  7.0  T  on  the  two  neat  resins  are  shown  in  Figure  18. 
Important  features  of  these  spectra  are  the  following: 

1.  The  aromatic  carbons  display  a  large  chemical-shift  anisotropy  of 
more  than  200  ppm,  whereas  the  aliphatic  carbons  have  a  chemical- 
shift  anisotropy  of  about  20  ppm  (as  observed  in  many  organic 

compounds.  Ref.  73).  A  large  chemical-shift  anisotropy  will  reduce 
the  intensity  observed  in  a  chemical-shift  image,  so  the  aromatic 
carbons  should  have  a  lower  observable  intensity  when  compared  to 
the  same  number  of  aliphatic  carbons. 

2.  The  approximate  experimental  time  to  obtain  a  S/N  ratio  of  5  for 
various  contact  times  is  detailed  in  Table  9.  The  aromatic 
intensity  can  be  made  more  intense  with  respect  to  the  aliphatic 
carbons  by  use  of  a  long  contact  time. 


(•)  (b)  (c) 


300  250  200  150  100  50  0  -50  300  250  200  150  100  50  0  -50  300  250  200  150  100  50  0  -50 

ppm  ppm  (TMS)  ppm 

J9- 221-227, 

Figure  18.  13  C  CP/MAS  spectra  taken  at  7.0  T  of  (a)  DER/DETA  epoxy  resin  spinning  at  SJ  kHz  (top) 
and  nonspinning  (bottom),  (b)  3501-6  epoxy  resin  spinning  at  5  J  kHz  (top)  and  nonspinning 
(bottom),  and  (c)  PEEK  resin  spinning  at  4  J  kHz  (top)  and  nonspinning  (bottom). 
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ppm(TMS) 

Figure  19.  13C  CP/MAS  spectra  with  a  selective  3n/2  pulse  applied  on  the 

aliphatic  chemical  -shift  region  of  (a)  DER/DETA  epoxy  resin, 
G>)  3501-6  epoxy  resin  and  (c)  PEEK  resin. 


40 


13 

Figure  19  shows  Che  static  C  spectra  of  all  threj  samples  where  a 

selective  RF  read  pulse,  centered  on  the  up-fleld  portion  of  the  chemical- 

shift  range,  was  applied.  The  selective  pulse  attenuates  the  aromatic 

magnetization  while  preserving  most  of  the  aliphatic  magnetization.  Thus, 

using  a  selective  pulse  during  the  preparation  portion  of  an  imaging 

experiment,  we  should  be  able  to  contrast  aliphatic  (bright  or  intense) 

portions  of  the  sample  from  aromatic  (dark  or  weak)  portions.  For  this 

experiment,  a  short  contact  time  would  be  used,  intensifying  the  aliphatic 

carbons  with  respect  to  the  aromatic  carbons. 

13  t 

An  important  parameter  for  imaging  C  in  solids  is  T',  the  relaxation 

1  z 

time  of  the  carbons  under  strong  H  decoupling  and  chemical-shift 

refocusing.  This  parameter  depends  primarily  on  the  ability  of  the 

13  1 

decoupling  to  remove  C-  H  dipolar  interactions,  and  directly  affects  the 
spatial  resolution,  Ax,  obtainable  in  an  image.  The  relationship  between  Ax 
(in  cm)  and  the  gradient  size  7G  (the  maximum  field  gradient  strength  in 
Hz-cm  ‘ )  is  given  by  [see  Equation  (3)  of  Section  2.3  where  l/(jrT^)  ■  Al/] 

Ax  -  [  7G  ]_1  .  (16) 

Moreover,  t|  affects  the  experimental  signal- to-noise  ratio,  S/N,  as  (Ref. 
74) 

S/N  a  Nq7[tJ]1/2  .  (17) 

where  Nq  is  the  concentration  of  nuclei  and  7  is  their  magnetogyric  ratio. 

We  have  measured  t|  of  PEEK  and  epoxy  resin  at  MDRL  in  three  similar 
ways.  (As  discussed  below,  the  measurements  at  CSU  were  dominated  by  S/N 
considerations  and  truncation  artifacts.)  In  the  first  method,  we  used  Exp. 
1  with  zero  applied  gradient  and  determined  T^  from  the  diagonal  half- 
linewidth  at  half-height,  "l/2  (  “AW2),  in  the  resulting  two-dimensional 
Fourier  transform  by  use  of  the  relationship,  i/j^*l/ (2*tJ)  .  In  this 
measurement,  only  an  upper  bound  of  25  Hz  for  both  PEEK  and  epoxy  could  be 
determined  for  v^j2  *5ecause  of  the  limited  number  of  points  used  in  the 
Fourier  transform,  as  explained  below. 

An  intrinsic  Lorentzian  line  shape,  S (I/),  having  T^-l/ * 
truncation  in  the  time  domain  at  time  T=N*DW,  where  N  equals  the  number  of 
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digital  points  in  the  detection  period,  t^  (see  Figure  16)  and  DW  is  the 
dwell  time,  produces,  after  Fourier  transformation,  a  modified  line  shape 
(Ref.  75): 

T 

S'  (i/)  »  J  exp(-t/T2)exp(-i2fTJ/t)dt  .  (18) 

0 

The  linewidth  UH2  of  this  modified  line  shape,  S'(l/),  can  Vc  determined 
from  the  root  of 


[S/J2  -  cZ  “*<2'>'U2T) 


2c  -  1 

<2rr2>2 


+  cZ  , 


(19) 


2 

where  Z  *  exp(-T/T2) / [ l-exp( -T/T2) ] }  ,  and  c=l  for  a  power  spectrum  and 


c*2  for  a  magnitude  spectrum.  When  T  >>  T2>  I/'^2  ~  ^2c-l  / 2 *  an<*  w^en 

T  <  T-,  v'.-  becomes  the  half-width  at  half-height  of  the  Fourier  transform 
2  112  _ 

of  the  truncation  function,  S  ( V )  *  exp(-i2JTI/t)dt;  i.e., 


v\j2  -  >/(2c)  sin(^/2T)/OTT)  ,  (20) 

yielding  t^/2  -  0.443/T  for  c  *  1  and  t /J/2  *  0.603/T  for  c  -  2. 

The  first  method  was  employed  with  a  sweep  width  of  35,714  Hz 
[■1/(2*14  /is)],  which  allowed  observation  of  the  full  240-ppm  spectrum  on 
one-half  of  the  quadrature  transform  (i.e.,  the  data  along  the  evolution 
period  t^  are  real  only).  A  file  size-limitation  in  the  MSL  software 
allowed  a  maximum  of  1,024  experiments  in  Tj,  so  that  T  -  2*14/ls*1024  *  28.7 
ms.  For  this  value  of  T,  Equation  (23)  yields  =  *5.4  Hz.  We  measured 

a  linewidth  y'^2  ° *  20  Hz,  which  would  result  [see  Equation  (22))  if  the 
true  linewidth  (1/2jtT2)  were  16  Hz.  If  one  assumes  a  Gaussian  rather  than 
Lorentzian  line  shape,  the  same  16-Hz  true  linewidth  is  computed  from  the 
measured  i/j ^  of  20  Hz. 

The  first  three  pulses  used  in  Exps.  1  and  2  are  known  to  generate 
multiple-quantum  (MQ)  coherence  (Ref.  62,  Chap.  5;  76).  The  dipolar 
interactions  mix  states  following  the  first  pulse,  and  this  mixing  of  states 
allows  MQ  (mixed  Am>l)  states  to  be  generated  by  the  second  strong  pulse. 

The  third  pulse  then  converts  some  of  the  MQ  coherence  back  into  observable 
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(Am*l)  coherence,  which,  when  the  time  period  between  the  second  and  third 
pulses  is  short  compared  to  T2>  as  in  our  experiments,  provides  a  net 
positive  signal  which  adds  constructively  to  the  normal,  single-quantum 
signal.  Thus,  the  MQ  coherence  generated  during  these  experiments  will 
lengthen  the  observed  values.  This  is  exactly  what  is  observed;  T^  is 
larger  in  this  case  (9.9  ms)  than  as  detected  in  the  echo  experiment 
described  below  (“6  ms). 

These  results  were  confirmed  by  a  second  method,  i.e.,  measuring  t| 

13  2 

directly  in  an  echo  experiment.  The  C  magnetization  was  generated  by 
cross-polarization,  and  a  single  ff  pulse  was  applied  following  a  delay 
after  the  CF  period.  The  decay  of  the  echo  amplitude  at  2T  as  a  function 

t  6 

of  yields  T^.  From  this  method  we  find  a  nonexponential  decay,  but  with 
a  major  component  that  can  be  characterized  by  a  T^  of  about  6  ms,  which 
leads  to  a  a^out  25  Hz. 

Finally,  in  the  third  method,  the  it  pulses  in  the  echo  experiment  are 
applied  as  a  train,  as  in  Exp.  2  (Figure  17).  In  this  case,  spin- locking 
can  occur.  The  average  locking  field  strength  is  H^t^/ (2T£) ,  where  t  is 
the  width  of  the  IT  pulse  and  is  the  RF  field  strength,  and  this  spin¬ 
locking  provides  additional  heteronuclear  decoupling.  Thus,  with  this 

+ 

sequence,  we  measure  a  Tj,  of  about  13  ms,  which  leads  to  a  of  about 

12  Hz. 

t  13  1 

These  values  for  T^  allow  us  to  compare  C  and  H  solid-state  NMR 

imaging.  Typically,  proton  linewidths  of  solids  under  multiple-pulse 

sequences  are  >0.25  ppm  (Ref.  77),  and  we  find  that  for  PEEK  and  DER/DETA 

under  a  dipolar-narrowed-Carr-Purcell  (DNCP)  sequence  (Ref.  78),  V. 

13  *' 2 

»  150  Hz  at  7.0  T.  From  Equation  (19),  C  imaging  should  provide  somewhat 

better  ultimate  resolution  capability  than  *H  imaging,  on  the  condition, 

13 

however,  that  the  C  image  can  be  obtained  with  adequate  S/N.  From 
Equation  (20),  we  can  see  that 


(S/N) 

(S/N) 


13, 


0.011*c  • 


P  7, 


‘H 


[150] 1/2 

I  2SJ 


0.03 


(21) 
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where  c  equals  the  CP  enhancement  factor  of  <4.  Even  if  the  C  linewidth 
P  13 

were  as  low  as  5  Hz,  C  solid-state  imaging  would  still  be  considerably 
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less  sensitive  than  *H  solid-state  imaging.  As  discussed  below,  sensitivity 

will  in  fact  become  a  factor  of  overriding  importance  in  the  practical  use 
13  1 

of  (especially  C,  but  also  H)  NMR  imaging  as  an  NDE  technique. 

The  image  shown  in  Figure  20  was  obtained  using  Exp.  1.  Chemical-shift 

interactions  are  not  refocused  in  this  experiment;  during  the  evolution 
13 

period,  t^,  C  magnetization  evolves  under  both  the  gradient  and  the 
chemical-shift  interactions,  whereas  during  the  detection  period,  t^  the 
gradient  is  off  (see  Figure  16).  This  combination  of  gradient  and  chemical 
shift  during  t^  causes  the  canting  of  the  two-dimensional  image  shown  in 
Figure  20.  PEEK  and  DER/DETA  are  clearly  resolved,  with  a  resolution  of 
~0 . 5  mm. 

Noting  that  7G  »  8  kHz/cm,  and  l/(2irT^)  is  about  25  Hz,  use  of  Equation 
(19)  might  lead  us  to  expect  Ax  «  50/8000  ■  0.006  cm  (60  /im)  spatial  resolu¬ 
tion  in  Figure  20.  The  resolution  was  limited,  however,  by  the  use  of  a 
digital  S/N  improvement  filter.  To  obtain  usable  S/N,  a  200-Hz  line¬ 
broadening  function  was  multiplied  to  the  time  domain  data  in  both  dimen¬ 
sions.  Now  we  see  that  (200  Hz)/ (8,000  Hz/cm)  -  0.25  mm,  which  is  close  to 
the  observed  resolution.  Even  with  this  S/N  enhancement  technique,  the 
experiment  took  10.7  h  with  400  repetitions  for  each  of  the  64  values  of  the 
evolution  period,  t^.  A  repetition  time  of  1.5  s  was  used  for  these  experi¬ 
ments;  proton  T^  values  for  these  materials  are  listed  in  Table  5. 

The  contours  in  Figure  20  show  one  maximum  on  the  left  side,  due  to 
aromatic  carbons  of  PEEK,  and  two  maxima  on  the  right  side,  due  to  aromatic 
and  aliphatic  carbons  of  the  DER/DETA  epoxy  resin  (see  Figure  18).  Clearly, 
the  chemical  shift  is  sufficient  to  delineate  PEEK  from  DER/DETA,  but  would 
most  likely  not  be  sufficient  to  delineate  DER/DETA  from  3501-6  neat  resin. 

This  level  of  chemical  resolution  is  low  in  comparison  to  that  obtainable  by 

13 

liquid-sample  or  MAS  solid-state  NMR  (see  Figure  18),  but  C  chemical-shift 

imaging  of  static  samples  could  still  lead  to  useful  contrasting  in  certain 
13 

cases.  C  NMR  imaging  of  rotating  solids  has  been  achieved  (Refs.  39-42), 
where  chemical-shift  resolution  should  be  greatly  enhanced.  The  sample 
rotation  aspects  of  these  experiments,  however,  place  restrictions  and 
constraints  on  the  sample  which  negate  the  practical  application  of  the 
method  except  under  special  circumstances. 

Small  samples  of  APC-II  PEEK  and  AS-4/3501-6  epoxy  cross-ply  laminates 
were  arranged  in  the  configuration  shown  in  Figure  21,  analogous  to  that 
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Spatial  +  chemical  shift  (Hz) 


89-221-229 


Figure  20.  13  C  chemical-shift  image  of  a  DER/DETA  resin/Teflon/PEEK  resin 
sandwich.  Contours  step  down  by  multiples  of  0.7  from  the  maximum 
intensity. 


Spatial  +  chemical  shift  (Hz) 

89-221-230 

Figure  21. 13C  chemical-shift  image  of  an  AS-4/3501-6 
laminatc/Teflon/PEEK  laminate  sandwich. 


45 


13 

used  for  the  neat  resins  discussed  above.  Experiment  1  produced  the  C  NMR 
image  shown  in  Figure  21.  This  experiment,  requiring  26.7-h,  200-Hz  line 
broadening,  was  again  applied  in  both  dimensions,  and  resolution  and  sensi¬ 
tivity  are  both  Inferior  to  those  obtained  by  the  shorter  experiment 
presented  in  Figure  20.  This  degradation  resulted  from  the  reduced  resin 
content  (W30X  by  weight)  in  the  laminates  and  the  RF  attenuation  caused  by 
the  conducting  carbon  fibers  (see  Section  3.4;  Ref.  1). 

One  of  the  most  promising  approaches  for  obtaining  useful  NMR  images  of 
solids  is  to  combine  chemical-shift  imaging  as  discussed  above  with  other 
contrast  approaches.  For  this  purpose,  we  have  explored  the  use  of  proton 
spin-lattice  relaxation  times  of  PEEK  and  epoxy  resin  (see  Table  5)  to 
provide  contrast  between  these  materials.  Figure  22  shows  the  image  ob¬ 
tained  by  use  of  the  pulse  sequence,  Exp.  2,  shown  schematically  in  Figure 
17.  This  sequence  first  inverts  the  proton  magnetization,  and  then  waits 
until  the  proton  magnetization  in  the  DER/DETA  resin  is  nulled  (tnu^ 

*  ln(2)T1  *  0.2  s)  before  continuing.  With  no  proton  magnetization  in  the 
epoxy  resin  prepared  for  cross-polarization,  a  CP  C  signal  of  only  the 
PEEK  resin  is  observed.  This  sequence  refocuses  chemical-shift  interactions 
during  detection,  which  improves  the  S/N;  thus  the  experiment  took  only 
2.1  h  with  the  same  200-Hz  line  broadening  applied  to  the  time  domain  data. 
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Figure  22.  13  C  NMR  image  of  a  PEEK  resin/DER/DETA  resin/PEEK  resin  sandwich, 
obtained  using  *H  spin-lattice  relaxation  as  the  contrast  mechanism. 


1  O  1 

Similar  experiments  could  be  per£ormed  using  Tru  (the  JC-  H  cross- 

13  1  CH 

relaxation  time),  (for  C  or  H)  or  any  other  temporal  NMR  parameter 

that  differs  from  one  region  or  structure  to  another  in  the  sample  being 
imaged.  As  discussed  previously,  differences  among  structural  com¬ 
ponents  unavoidably  affect  intensities  in  the  images  shown  in  this  work. 

The  aliphatic  carbons  in  the  epoxy  resin  have  an  optimum  contact  time 
13 

(maximum  C  signal)  of  ~400  /is,  whereas  the  aromatic  carbons  in  PEEK  are 

optimally  cross-polarized  by  a  2-  to  4-ms  contact  time  (see  Table  9).  We 

used  a  2-ms  contact  time  to  accommodate  the  lower  CP  efficiency  in  PEEK  and 

to  enhance  the  intensity  of  the  broad,  aromatic  carbons. 

An  important  aspect  of  these  experiments  is  that  it  took  2  h  to  obtain 

a  one -dimensional  image,  containing  a  resolution  of  ^300  /tm.  In  assessing 

13 

the  future  viability  of  C  NMR  imaging  of  solids,  it  is  important  to  pre¬ 
dict  the  time  needed  to  turn  this  2-h  experiment  into  one  which  would 
achieve  100xl00-/(m  resolution  within  a  lOO-flm  slice.  Assuming  we  do  not 
increase  the  field  of  view  of  6  mm  of  the  experiment,  which  would  further 
increase  the  experimental  time,  an  accurate  estimate  for  increasing  the 
spatial  resolution  on  the  CSU  spectrometer  (the  same  experimental  conditions 
as  for  the  2-h  image)  can  be  made  as  follows.  The  100-/fm  slice  will  reduce 
the  volume  by  approximately  60.  Increasing  the  resolution  from  300  to 
100  /lm  in  one  dimension  requires  increasing  the  S/N  in  this  dimension  such 

that  the  line  broadening  of  the  S/N  improvement  function  can  be  decreased. 

1/2 

This  requires  about  a  (300/100)  better  S/N.  Adding  the  second  dimension 

again  decreases  the  volume  element  by  ~60.  Thus  the  S/N  must  be  increased 

by  a  factor  of  60x60x>/3  »  6235,  increasing  the  experiment  time,  TE,  to  [see 

2  6  6 

Equation  (18)]  2  h  x  6325  *  78x10  h  =  3x10  days.  We  can  foresee  a 

tenfold  improvement  in  S/N  by  increasing  the  static  magnetic  field  strength 
(this  is  only  possible  with  superconducting  magnets  which  will  limit  the 
size  of  the  sample  to  Si  m  in  two  directions),  and  perhaps  a  threefold 

improvement  with  an  opti  zed  probe  design.  Even  with  these  improvements, 

6  2 

the  experiment  would  take  3x10  / ( 30  )  *  3,600  days.  Resolution  of 

200x200  fi m  with  a  slice  thickness  of  500  /hn  would  still  take  9  days,  and 

this  is  with  a  relatively  small  field  of  view  of  <10  mm.  Thus,  we  see  that 

practical,  high-resolution,  three-dimensional  NMR  imaging  of  solid-state 
13 

materials  using  C  may  never  be  achievable.  Equation  (24),  on  the  other 

1  13 

hand,  shows  that  H  images  would  take  ~0.001  as  long  as  C  images,  making 
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high- resolution  NMR  imaging  of  solids  by  use  of  realizable.  Our  own 

experience  confirms  the  practicality  of  imaging  of  solid-state  materials. 
13 

C  NMR  imaging  will  almost  certainly  remain  a  tool  for  the  research 
laboratory ,  where  experimental  times  can  remain  large,  fields  of  view  small, 
and  spatial  resolutions  relatively  large.  Moreover,  there  must  be  a  spe¬ 
cific  reason,  almost  certainly  some  contrast  mechanism  unattainable  with 

13 

due  to  the  strong  proton  spin-bath  interactions,  for  pursuing  C  imaging  in 
solids. 

The  three  images  shown  in  Figures  20,  21,  and  22  clearly  demonstrate 
13 

the  ability  to  obtain  C  NMR  images  of  solid  polymeric  materials,  including 
small  carbon-fiber  laminates,  using  chemical-shift  and  spin-lattice  relaxa¬ 
tion  as  contrast  mechanisms.  We  expect  that  improvements  in  resolution  and 
sensitivity  will  be  made  in  the  future,  as  additional  attention  is  focused 
in  this  direction.  Consideration  of  the  less-stringent  requirements  of 
heteronuclear  decoupling  versus  multiple-pulse  homonuclear  decoupling,  and 
the  ability  to  manipulate  the  carbons  via  contact  time,  dipolar  dephasing, 
either  1H  or  13C  relaxation  times,  and  chemical  shift,  suggests  that  13C 
solid-state  NMR  Imaging  may  become  useful  for  the  nondestructive  study  of 
solid  materials,  especially  in  the  research  arena  where  data-acquisltion 
time,  fields  of  view,  and  spatial  resolution  are  not  overriding  factors. 

1  _  * 

3.7  H  NMR  Line-Narrowing  and  Imaging  Studies 

We  undertook  the  design  of  a  *H  NMR  imaging  experiment  that  would  use 
the  relatively  immobile  protons  in  OMC  materials  for  detection  with  the 
following  specific  goals: 

1.  Image  samples  of  a  general  shape  and  size,  with  the  following 
requirements : 

a)  Exclude  from  consideration  sample  rotation  (Refs.  39-42),  which 
reduces  chemical-shift  anisotropy  and  field  inhomogeneity 
effects . 

b)  Plan  for  the  eventual  use  of  a  permanent  or  electromagnet 
design,  with  gaps  to  allow  samples  of  infinite  length  in  two 
directions  (which  necessarily  means  static  magnetic-field 
strengths  will  be  at  most  2  T). 


*  Much  of  this  work  is  published  in  Ref.  45. 
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c)  Allow  for  the  eventual  use  of  optimized  coil  designs  similar  to 
surface  coils. 

2.  Design  an  imaging  experiment  that  would  utilize  multiple-pulse 

decoupling  for  H  line-narrowing,  and  would 

a)  optimize  S/N  (maximize  decoupling  efficiency,  minimize  gradient 
switching  times), 

b)  optimize  spatial  resolution  (allow  use  of  maximum  field  gradient 
strengths) , 

c)  minimize  artifacting  (allow  controlled  volume  selection  having 
good  RF  homogeneity  across  the  whole  volume;  use  a  decoupling 
scheme  which  minimizes  error  terms,  especially  cross  terms 
involving  frequency  offset),  and 

d)  allow  for  controlled  slice  selection  (requiring  a  new  pulse 
sequence) . 

The  first  area  investigated  relates  to  items  2. a  and  2.c  above,  i.e., 
choosing  which  homonuclear  decoupling  scheme  to  integrate  into  an  imaging 
experiment.  Many  homonuclear  decoupling  schemes  exist  in  the  literature 
(Refs.  48,49,72).  We  quantified  the  decoupling  efficiency  of  a  select 
number  of  these  schemes  which  were  best  suited  for  NMR  imaging.  These 
schemes  Included  the  MREV-8,  DNCP,  BR-24,  and  BR-52  sequences.  We  also 
looked  at  the  efficiency  of  a  BR-24  sequence  modified  to  allow  for  quadra¬ 
ture  detection.  The  decoupling  efficiency  is  directly  related  to  T^  (the 
observed  magnetization  decay  time  during  decoupling),  and  values  observed  on 
PEEK  and  DER/DETA  were  all  equivalent  (~160  fls,  arising  from  chemical-shift 
anisotropy),  as  expected,  since  these  sequences  are  nearly  identical  except 
for  their  artifacting.  The  modification  used  to  turn  the  MREV-8  sequence 
into  the  DNCP  sequence  can  be  performed  similarly  with  the  BR  sequences,  and 
this  modification  gives  improved  results  in  all  cases  (T^  *  1  ms)  because  of 
the  removal  of  chemical-shift  anisotropy,  field  inhomogeneity,  and  suscep¬ 
tibility  effects. 

The  MREV-8  scheme  currently  gives  minimum  artifacts  during  quadrature 
detection  (in  other  work,  we  have  developed  a  scheme  for  quadrature  detec¬ 
tion  with  the  BR-24  sequence;  Ref.  79).  Quadrature  detection  is  necessary 
because  all  multiple-pulse  decoupling  schemes  work  over  a  limited  frequency 
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interval,  AF^,  which  limits  the  field  of  view,  FOV: 


AF, 


FOV 


MP 


7G 


(22) 


Most  multiple-pulse  schemes  work  only  over  a  maximum  of  *10  kHz,  so  that 
with  the  application  of  7G  «  50  kHz /cm  (a  moderate  field  gradient  strength), 
the  FOV  equals  2  mm  with  nonquadrature  detection.  Note  that  if  one  lessens 
' JG  to  increase  the  F0U,  the  spatial  resolution  will  be  degraded: 


A  At/  .  lF0V)(At/) 
70  AFmp 


(23) 


where  At/  -  1/(jtT^)  is  the  narrowed  linewidth  during  the  decoupling  sequence. 

Another  important  aspect  which  bestows  additional  importance  to 
quadrature  detection  pertains  to  Nyquist's  theorem.  The  simplest  approach 
to  using  a  multiple-pulse  sequence  is  to  observe  signal  in  only  the  first 
window  of  each  multiple-pulse  cycle.  A  simple  modification  is  to  observe 
another  point  midway  in  the  cycle.  In  this  detection  mode,  the  information 
is  nonquadrature,  and  the  sweep  width  is  limited  by  the  cycle  time  and 
Nyquist's  theorem,  as  shown  in  Table  10.  The  sweep  widths  obtained  with 
nonquadrature  detection  schemes  are  most  likely  too  small  to  allow  for  both 
adequate  FOV  and  Ax,  thus  detection  schemes  that  use  every  window  within  a 
multiple  pulse  experiment,  which  widens  the  sweep  width,  are  necessary.  Our 
experience  shows  that  the  longer  cycles  incurred  with  BR  sequences  lead  to 
larger  artifacts  than  with  the  shorter  MREV-8  sequence  (Refs.  79,80).  The 
MREV-8  sequence  with  quadrature  detection  doubles  the  FOV  for  any  particular 
Ax  and  minimizes  artifacting;  therefore,  we  have  used  MREV-8  sequences  for 
this  portion  of  the  work. 


Table  10.  Sweep  widths  obtainable  from  multiple- 
pulse  sequences  with  various  detection 
schemes. 


Cycle 

time 

Sweep  width  for  t  =  4  (is  j 

Sequence 

Detect  twice 
per  cycle 

Detect  in 
every  window 

MREV-8 

12  T 

20.8  kHz 

±20.8  kHz 

BR-24 

36  x 

6.9 

±20.8 

BR-52 

78  T 

3.2 

±20.8 
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The  MREV-8  sequence  provides  adequate  decoupling  provided  sufficient 
transmitter  power  is  available;  we  assume  this  to  be  the  case  initially,  but 
keep  in  mind  that  the  BR  sequences  are  better  when  the  availability  of 
transmitter  power  is  reduced.  To  use  BR  sequences,  it  is  necessary  that  at 
least  every  other  window  be  used,  and  we  are  currently  working  on  methods  to 
reduce  artifacting  caused  by  this  type  of  data  acquisition. 

We  did  not  consider  incorporating  multiple  quantum  schemes  (Refs.  9,10) 
into  the  NMR  imaging  experiment  for  two  reasons : 

1.  Currently,  there  is  no  method  for  selectively  exciting  a  particular 
quantum  transition  with  intensities  approaching  even  an  order  of 
magnitude  less  than  normal,  single-quantum  schemes  (Refs. 
9,10,62,76),  and,  as  we  have  discussed  many  times,  it  is  of 
paramount  importance  to  keep  the  S/N  as  large  as  possible. 

2.  The  introduction  of  very  large  magnetic  field  gradients  (Ref.  36) 
makes  the  previous  reasoning  of  producing  MQ  in  order  to  achieve 
1117G  gradients  (m  is  the  quantum  order;  Ref.  62)  no  longer 
practical;  the  more  practical  approach  is  simply  to  incorporate 
field  gradient  coil  designs  that  provide  larger  magnetic-field 
gradients. 

Using  the  MREV-8  sequence,  we  developed  the  imaging  experiment  shown 
schematically  in  Figure  23.  This  experiment  uses  the  encoding  and  read 
gradients  in  a  manner  similar  to  many  liquid  MRI  experiments  (Ref.  62). 
Maximum  field  gradient  strengths  are  achieved,  which  maximizes  the  achiev¬ 
able  spatial  resolution  [see  2.c  above  and  Equation  (23)].  This  experiment 
also  allows  for  simple  control  of  the  gradients,  and  for  fast  gradient 
switching.  The  gradients  on  the  MSL,  when  properly  set  up,  switch  in  about 
100  pa,  whereas  most  gradient  systems  switch  in  >1  ms.  Fast  gradient¬ 
switching  is  an  essential  feature  in  NMR  imaging  experiments  Involving  solid 
materials.  Longer  switching  times  require  a  storage  period,  which  reduces 
S/N  significantly  and  complicates  the  experiment  and  data  analysis  (Refs. 
3,27).  Any  homonuclear  decoupling  scheme  which  does  not  refocus  linear  I 

2 

interactions  can  replace  the  MREV-8  sequence.  The  K  pulse  in  the  middle  of 
the  sequence  refocuses  chemical-shift  effects  and  other  linear  I 

2 

interactions. 

By  use  of  the  experiment  in  Figure  23,  we  obtained  the  images  shown  in 
Figure  24.  The  preparation  portion  of  the  experiment  is  the  contrast  prep- 
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Figure  23.  Schematic  of  1h  NMR  imaging  experiment. 


aration  period  of  Figure  1,  and  is  designed  to  contrast  the  crystallinity  in 
PEEK  using  the  different  T^^H)  observed  (see  Section  3.2)  for  crystalline 
and  amorphous  phases  in  this  material.  The  evolution  and  detection  periods 
are  designed  as  described  above  to  optimize  S/N  and  spatial  resolution,  and 
to  minimize  artif acting.  As  the  spin  lock  time,  T,  is  increased  in  the 
preparation  period,  the  magnetization  in  the  amorphous  regions  decays  faster 
than  in  the  crystalline  regions,  and  we  observe  a  decreasing  ratio  of  inten¬ 
sities  occurring  from  the  26Z  crystalline  sample  with  respect  to  the  ~0X 
crystalline  sample,  as  shown  in  Figure  24.  The  volume  ratios  are  plotted  in 
Figure  25,  along  with  the  predicted  volume-ratio  dependence  on  T  shown  as 
the  curve,  derived  from  the  T^(*H)  values  found  during  the  work  described 
in  Section  3.2. 

The  spatial  resolution  observed  in  these  experiments  is  ~250  /fm,  with 
JG  equaling  70.4  kHz/cm.  The  resolution  is  limited  by  chemical-shift  aniso¬ 
tropy,  where  Lv  “  2,000  Hz  is  observed  during  the  MREV-8  sequence.  Time- 
varying  gradient  schemes  (Ref.  27),  which  would  allow  application  of  DNCP 
(Ref.  78)  or  refocused  gradient  imaging  (Refs.  31,32)  schemes,  might  improve 
the  spatial  resolution  even  with  smaller  applied  7G  values  since  these 
schemes  remove  the  chemical-shift  anisotropy  effects.  Much  larger,  static, 
linear  gradients  have  now  become  available  (Ref.  36),  up  to  7G 
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Figure  24.  1H  NMR  images  of  PEEK  sections  having  26%  and 
~0%  crystallinities:  (a)  schematic  of  sample  used, 
(b)  image  with  1  =  0  ms,  (c)  image  with  1  =  6  ms. 
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Figure  25.  Ratio  of  volume  of  to  26%  crystalline  PEEK 
regions  for  various  spin-lock  times  1.  The  curve 
shows  a  fit  to  the  data  consistent  with  measured  X0 
(*H)  values. 


“  2,000  kHz/cm  for  *H,  so  straightforward  application  of  our  technique 
should  allow  l-/tm  resolution,  provided  that  sufficient  S/N  is  obtained  from 
each  voxel  (which  is  presently  unlikely  for  <10-/lm  resolutions;  still,  we 
prefer  being  limited  by  sensitivity  rather  than  by  the  ultimate  resolution 
capability) .  Aspects  and  comparisons  of  various  *H  imaging  experiments  are 
provided  in  Section  4.0. 
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The  experiments  presented  in  this  section  have  demonstrated  the 
viability  of  *H  NMR  imaging  as  a  potential  technique  for  NDE  of  aerospace 
materials.  Some  technical  advances  are  still  required,  however,  before  the 
technique  can  become  truly  practical.  First,  addressing  criterion  2.d 
above,  a  method  for  selecting  slices  in  the  sample  in  a  controlled  manner 
needs  to  be  developed.  One  promising  technique  has  recently  been  introduced 
(Ref.  33),  and  this  or  some  similar  approach  will  almost  certainly  be  found 
to  be  of  practical  use  soon.  Second,  addressing  criterion  2.c  above,  the 
susceptibility  of  multiple -pulse  sequences  to  artifacts  currently  remains  a 
serious  problem.  More  experience  and  better  probe  designs  may  reduce  this 
susceptibility,  but  the  development  of  a  new  multiple-pulse  scheme  which  is 
effective  over  a  larger  frequency  bandwidth  (>  ±10  kHz)  and  is  concurrently 
less  susceptible  to  artifacts,  especially  those  generated  by  quadrature 
detection,  would  be  most  desirable. 

If  an  NMR  image  could  be  obtained  without  using  line  narrowing  (i.e., 

<  20  /la),  many  technical  requirements  of  the  experiment  would  be  simpli¬ 
fied.  A  method  for  achieving  such  an  image  is  backprojection-reconstruction 
(Refs.  34,62,81).  Assuming  that  we  need  to  achieve  Ax  *  0.01  cm  resolutions 
in  at  least  one  spatial  direction  (e.g.,  across  the  plies),  the  FOV  is 

cy  +  _  7 

FOV  -  —  -  SW-Ax-rr],  <  SW(Hz)«6xl0  cm  ,  (24) 

'Jfw  Z 

where  SW  is  the  sweep  width  used  for  detection.  Thus,  a  FOV  of  2  cm 
(assuming  256  pixels  are  wanted  along  each  dimension)  would  require  a  SW  of 
3  MHz,  which  is  barely  feasible.  For  a  more  practical  SW  of  1  MHz  (which 
also  improves  the  S/N),  the  FOV  would  be  6  mm.  This  FOV  value  should  be 
compared  with  the  ~l-cm  FOV  obtainable  by  use  of  multiple-pulse  line¬ 
narrowing  techniques,  where  T^  W  1  ms  but  SW  5  40  kHz  (here  the  SW  is 
limited  by  the  digital  acquisition  rate,  not  the  receiver  bandwidth;  see 
Table  10).  The  complete  SW  in  either  case  would  not  be  usable,  limiting  the 
effective  FOV  even  more,  but  the  backprojection-reconstruction  method 
assumed  above  requires  the  use  of  a  7G  *  1.6  MHz /cm,  which  is  very  large. 
Multiple-pulse  line-narrowing  techniques  appear  to  be  necessary  features, 
perhaps  combined  with  backprojection-reconstruction  methods,  but  still 
necessary,  for  the  practical  application  of  ^H  NMR  imaging  to  solid 
materials . 
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4.0  ASSESSMENT  OP  NMR  AND  NMR  IMAGING 
FOR  THE  NONDESTRUCTIVE  EVALUATION  OF  COMPOSITE  MATERIALS 


To  accurately  assess  NMR  and  NMR  Imaging,  let  us  first  reconsider  the 
general  requirements  for  application  of  NMR  spectrometry  to  the  NDE  of 
composite  systems.  The  following  list  forms  a  basis  of  criteria  for  such 
application  of  an  NMR  spectrometer: 

i)  The  large  sizes  of  aerospace  components  that  would  be  studied 
(e.g.,  a  wing-skin)  require  the  use  of  permanent  magnets  or 
electromagnets  which  allow  infinite  sample  dimensions  in  two 
directions.  Such  magnets  are  limited  in  field  strength  to  <  2.1  T 
(90  MHz  for  XH). 

ii)  The  large  sizes  of  aerospace  components  require  use  of  surface 
coils  in  the  NMR  experiments. 

iii)  Detection  of  solvent  effects  in  composite  materials,  e.g.,  for 
water  or  jet  fuel,  can  be  performed  with  moderate  magnetic-field 
gradients  and  gradient  switching  times.  Simple  modifications  of 
the  RF  design  and  data-acquisition  systems  from  MRI  spectrometer 
designs  might  be  necessary.  These  requirements  would  be  easily 
satisfied  by  a  spectrometer  capable  of  imaging  the  more  immobile 
resin  matrix  materials,  as  discussed  next, 

iv)  Invasive  fluids  do  not  appear  to  be  a  viable  avenue  for  the  NMR 
imaging  of  features  in  aerospace  OMC  materials,  as  discussed  in 
Section  3.5.  Thus,  solid-state  imaging  techniques  become  neces¬ 
sary  for  evaluating  flaws  such  as  voids;  delaminations;  fiber 
content,  breakage,  and  orientation;  catalyst  content;  crosslink 

density  or  percent  crystallinity;  and  chemical  composition  of  the 

» 

matrix  material  (e.g.,  composition  of  unreacted  chain-ends). 

Solid-state  NMR  imaging  capability  requires  the  following: 

a)  large  magnetic-field  gradients  (2  mT/cm  should  be  sufficient) 
capable  of  fast  (<100-/ls)  switching, 

b)  strong  (1  kW) ,  fast  ( 0.2-/is  rise  and  fall  time)  RF  transmitters, 
capable  of  generating  a  90-degree  RF  pulse  length  of  <5  /is  in  any 
portion  of  the  sample, 

c)  nominal  detection  speeds  (4  /is  per  point),  but  with  wide  receiver 
bandwidths  (>1  MHz)  and  stroboscopic  triggering  capability,  and 
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d)  optimized  probe  designs  making  use  of  surface  coils  for  highest 

possible  signal-to-noise  (high  Q)  while  also  having  sufficiently 

short  ring-down  (~4-/<s)  times. 

v)  The  experimental  design  should  also  be  flexible  enough  to  allow  an 
accurate  assessment  of  the  remaining  most  likely  candidates  for  NDE 
studies,  including 

a)  fast  detection  (0.1  fia  per  channel), 

b)  time-varying  gradients  to  allow  the  investigation  of  refocused 
gradient  (Refs.  31,32)  and  similar  imaging  experiments, 

c)  computer-controlled  transmitter  power  to  allow  for  the 
investigation  of  slice  selection  by  rotating- frame  RF  gradients 
(Refs.  30,33), 

d)  precise  computer-controlled  field  gradient  rotation  of  very 

large  field  gradients  to  allow  the  investigation  of 

backprojection-reconstruction  techniques  (Refs.  34,65,86),  and 

13 

e)  multinuclear  capability  to  allow  the  investigation  of  C  NMR 

imaging  (Refs.  2-4)  and  other  nuclei  contained  in  catalysts 

11  27 

(e.g.,  B)  and  matrix  additives  (e.g.,  Al;  Ref.  34). 

In  the  previous  sections  of  this  report,  we  clearly  demonstrated  the 
1  13 

viability  of  H  and  C  NMR  imaging  of  solid  materials,  and  discussed  some 
of  the  limitations  and  technical  advances  still  needed  to  make  these 
techniques  truly  practical.  For  nonlossy  samples  (i.e.,  samples  not 
containing  carbon  fibers),  our  current  MSL  spectrometer  has  adequate  RF 
generation  and  detection  capabilities  to  satisfy  requirements  iii  and  iv, 
and  only  simple  modifications  would  be  required  to  enable  the  MSL  to  satisfy 
requirement  v.  Meeting  requirement  i  needs  only  interfacing  the  MSL  to  an 
electromagnet,  a  simple  task,  whereas  attainment  of  requirement  ii  is 
straightforward.  Thus,  for  noncarbon-fiber-containing  systems,  we  have  the 
capability  and  are  currently  pursuing  NMR  and  NMR  imaging  of  solid  materials 
for  practical  NDE  of  aerospace  composites. 

An  assessment  of  these  techniques  for  the  NDE  of  OMC  containing  long 
carbon  fibers  must,  however,  be  based  on  considerations  of  the  interaction 
of  the  fibers  with  the  RF  electromagnetic  fields,  as  discussed  in  Section 
3.4.  With  any  nominal  NMR  approach,  RF  is  first  applied  to  the  sample  in 
microseconds-  to  millisecond-length  pulses,  after  which  the  induced  RF  from 
the  sample  must  be  detected.  As  shown  in  Table  8  and  described  by  Equations 
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(5)-(12),  the  ability  of  the  RF  fields  to  penetrate  the  sample  depends  on 
the  applied  static  magnetic-field  strength  (which  determines  the  RF  fre¬ 
quency  for  a  particular  nucleus,  and  also  affects  the  sensitivity),  and  the 
sample  makeup,  geometry,  and  orientation  in  the  RF  field.  In  Section  3.4, 
it  was  demonstrated  that  NMR  and  NMR  imaging  of  a  large  OMC  structure  con¬ 
taining  carbon  fibers  are  not  feasible  for  static  magnetic-field  strengths 
greater  than  0.25  T  (1/  ■  10  MHz),  Thus,  we  consider  the  possibility  of 
lowering  the  magnetic  field  strength,  and  assess  the  effect  of  the  lower 
field  strengths  on  the  design  and  capabilities  of  an  NMR  imaging 
spectrometer. 

First,  we  must  consider  in  more  detail  what  might  be  the  optimum 

magnetic  field  strength  to  use.  At  this  point,  we  assume  that  flaws  within 

a  large  cross-ply  laminate  having  a  minimum  thickness  of  1/4  inch  (~6  mm) 

need  to  be  detected.  Figure  10  shows  the  transmitter  power  density  required 

to  produce  a  5-fia,  90-degree  RF  pulse  (to  satisfy  requirement  iv.b)  as  a 

function  of  depth  in  a  cross-ply  laminate.  The  calculation  is  shown  for 

propagation  of  the  RF  perpendicular  to  the  ply  orientations  (a  worst-case 

scenario,  but  necessary  for  NDE  of  large  structures  such  as  wing-skins).  To 

detect  a  flaw  at  the  center  of  the  laminate  at  ~3  mm,  the  transmitter  power 

2 

required  at  8  MHz  is  2.5  kW/cm  .  This  power  exceeds  typical  transmitter  and 
probe  circuit  capacities.  From  this  information,  we  confine  the  design  to 
building  a  spectrometer  having  an  operating  frequency  of  <8  MHz. 

The  RF  attenuation  produces  other  potential  problems  which  the 
spectrometer  design  should  attempt  to  avoid.  Figure  26  shows  the  RF  pulse 
rotation  angle  [see  the  discussion  surrounding  Equation  (12)]  which  changes 
as  a  function  of  depth  due  to  the  RF  attenuation  in  cross-ply  samples  having 
the  same  orientation  as  for  Figure  10.  The  change  in  rotation  angles  can  be 
used  for  volume  selection  in  an  imaging  experiment  (as  in  rotating  frame 
imaging,  Refs.  30,33,62),  such  that  the  volume  around  3-mm  depth  where  the 
rotation  angle  equals  90  degrees  is  selected  in  the  experiment.  Other 
volumes,  however,  particularly  at  rotation  angles  of  270,  450,  630  ... 
degrees  will  almost  certainly  also  be  selected  at  the  same  time,  and  will 
produce  artifacts  that  may  be  difficult  or  impossible  to  deal  with.  Since 
the  rotation  angles  do  not  reach  270  degrees  at  1  MHz,  these  artifacts  are 
sure  to  be  reduced  at  this  frequency.  As  the  frequency  is  raised  from 
1  MHz,  an  exponentially  growing  number  of  270,  450,  630  ...  degree  points 
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Figure  26.  The  RF  pulse  rotation  angle  as  a  function  of  depth  in  cross-ply  carbon 
fiber  composites  with  the  RF  propagation  perpendicular  to  the  plies 
(along  0  =  180°)  when  a  90-degree  rotation  occurs  at  3  mm.  Curves 
are  drawn  at  1, 4,  and  8  MHz . 


will  occur  in  the  sample,  and  experiments  will  become  difficult  to  perform. 
Some  scheme  to  negate  these  problems  can  probably  be  devised,  but  the  added 
complexity,  perhaps  with  loss  in  S/N,  will  be  undesirable. 

From  these  considerations,  it  would  appear  that  a  spectrometer  designed 
about  an  RF  frequency  of  1  MHz  (a  23.5-mT  static  magnetic-field  strength  for 
detecting  *H)  is  optimum,  with  any  increase  in  frequency  not  to  exceed 
8  MHz.  With  this  fundamental  input,  we  can  now  estimate  other  parameters  of 
importance  to  NMR  and  NMR  imaging  of  OMC  materials.  As  we  have  discussed 
previously,  the  S/N  ratio  is  one  such  parameter.  To  estimate  the  S/N,  we 
use  the  following  approximate  relationships  (see  also  the  discussion 
surrounding  Equation  (13)  and  footnote  at  bottom  of  page  31). 

S/N  a  (Q/T1)1/2  H*/2  A  (25) 

end  V  a  H 

o  o 

where  H^  is  the  static  magnetic-field  strength,  is  the  spin-lattice 
relaxation  time  of  the  nuclei  at  H^,  Q  is  the  quality  factor  of  the  probe, 

V  is  the  observation  frequency,  and  A  is  the  RF  attenuation  factor.  Q  must 


* 
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decrease  approximately  in  proportion  to  the  frequency,  i.e.,  Q  a  ,  so  that 

the  detector  can  respond  quickly  enough  to  observe  solid-state  signals  (see 

discussion  below) .  T.  in  polymers  is  observed  empirically  to  decrease  at 
1/2  1 

most  as  l/Q  over  the  range  100  MHz  to  1  MHz  (Ref.  82).  Combining  these 
approximate  expressions  gives 

S/N  a  I PJ**  A  (26) 

1/2 

where  A*1  for  nonlossy  materials,  and  A  *  exp{-d[ffl/ jl^a ]  }  for  cross-ply 

laminates  as  shown  in  Section  3. A.  Equation  (26)  is  plotted  in  Figure  27  as 
a  function  of  frequency  at  a  depth  d  »  3  mm.  The  difference  between  this 
function  and  that  shown  in  Figure  11  is  that  here  the  experimental  param¬ 
eters,  T^,  and  Q,  are  factored  into  the  S/N.  For  S/N  with  cross-ply 
laminates  10  MHz  is  optimum,  but  transmitter  requirements  exclude  the  use  of 
this  high  of  a  frequency.  At  1  MHz,  S/N  is  reduced  only  by  a  factor  of  ~10 
compared  to  the  S/N  at  10  MHz  for  laminates,  but  is  about  a  factor  of  1,000 
less  than  the  S/N  of  nonlossy  materials  (i.e.,  nominal  NMR)  at  85  MHz. 


Figure  27.  The  relative  signal-to-noise,  including  Q  and  T|  dependencies,  as  a  function  of 
frequency  at  a  depth  of  3  mm.  The  straight  line  is  the  projected  S/N  for  a 
nonlossy  material,  whereas  the  curved  line  is  for  a  cross-ply  carbon  fiber 
composite  with  RF  propagation  perpendicular  to  the  plies  (along  9  =  180°). 
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Thus,  an  NMR  imaging  experiment  performed  at  1  MHz  on  a  large  cross-ply 
composite  sample  might  take  10**  times  longer  than  at  85  MHz  of  a  non- lossy 
sample  to  obtain  equivalent  S/N. 

Even  if  the  estimate  of  10^  is  off  by  some  orders  of  magnitude,  S/N 
issues  clearly  will  be  a  limiting  factor  at  frequencies  of  <8  MHz.  The 
application  of  superconducting  quantum  interference  devices  (SQUIDS)  as 
receivers  in  these  experiments  might  help  alleviate  such  problems.  SQUIDS 
have  been  used  in  NMR  experiments  run  at  low  frequencies  (Refs.  83,84), 
where  the  S/N  of  the  SQUID  receiver  as  compared  to  a  conventional  receiver 
is  much  better  at  low  frequencies  and  for  solid  materials  which  have  small 
T^  values  (Ref.  84) s 


S/N 
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SS-  « 

con 


1/2 
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High-temperature  superconductors  may  enhance  the  use  of  SQUIDs  for  such 
applications  (Ref.  85). 

Assuming  adequate  S/N  can  be  obtained,  a  closer  look  at  Q  is  important 

at  this  point.  Lowering  Q  allows  the  circuit  to  respond  more  quickly  to  the 

RF  signals,  and  since  solid-state  T^  values  (the  characteristic  signal  decay 

times)  are  short,  optimized  Q  values  are  critical  in  solid-state  NMR.  To 

quantitatively  describe  and  predict  this  effect,  the  following  relationships 

are  used.  Q  «  V  / BW  (Refs.  72,86),  where  BW  is  the  bandwidth  of  the  cir- 
o 

cult.  The  response  time  of  a  circuit  t^  W  2Q/3I/q  =  2/(3BW)  (Ref.  87).  In 
solid-state  NMR,  a  common  rule-of-thumb  is  to  have  50t^  10  (is  (Ref.  87), 
whereas  for  multiple-pulse  decoupling  experiments,  t  £  0.1  /is  may  be 
needed.  Thus,  the  BW  >  3  MHz.  A  3-MHz  BW  is  impossible  at  1/  =  1  MHz. 

From  this  standpoint,  going  to  higher  frequencies  is  better.  As  discussed 
in  Section  3.7,  backprojection-reconstruction  techniques  might  ease  the 
requirements  of  receiver  bandwidth  somewhat,  but  at  a  cost  of  needing  very 
high  7G  values  and  probably  losing  some  S/N.  Higher  frequencies  are  better 
also  in  terms  of  S/N,  but  may  lead  to  rotation  angle  problems  as  discussed 
in  reference  to  Figure  26.  Considering  the  seriousness  of  the  approxima¬ 
tions  used  for  this  assessment,  we  will  need  experimental  confirmation  to 
better  define  the  relative  merits  and  problems  of  the  possible  range  of 
field  strengths.  A  likely  result  with  any  attempt  is  the  discovery  that 
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adequate  S/N  cannot  be  obtained  to  achieve  practical  NMR  imaging. 

In  summary,  the  only  possible  avenue  for  performing  practical  NDE  of  OMC 
samples  containing  long  conducting  carbon  fibers  by  use  of  NMR  and  NMR 
imaging  appears  to  require  the  use  of  low-frequency  rf.  An  NMR  spectrometer 
that  would  allow  a  further  assessment  of  the  technique  has  the  following 
design  items: 

i)  an  electromagnet  operating  at  <  0.2  T  (8  MHz)  for  *H  NMR,  0.1  T  (4 

MHz)  perhaps  being  optimum,  which  can  be  increased  so  other  nuclei 

27 

can  be  studied  at  the  same  frequency  (e.g.,  observe  A1  at  4  MHz 
with  a  field  strength  of  0.36  T) ; 

ii)  a  10-kW  transmitter  with  active  Q-spoiling  to  achieve  fast  RF  pulse 
rise  and  fall  times,  having  computer  controlled  power  output  (i.e., 
10-kW  stage  is  linear,  with  a  controlled  power  input); 

Hi)  a  receiver  circuit,  separate  from  the  transmitter  circuit,  and 

designed  for  minimum  mutual  inductance  between  the  two  circuits, 
making  use  of  surface  coil  designs,  possibly  a  SQUID  detection 
scheme,  and  having  a  bandwidth  of  >3  MHz; 
iv)  fast  switching,  large-amplitude,  magnetic-field  gradient  designs 
capable  of  being  time-varied  and  rotated;  fast  gradients  may  be 
impossible  with  carbon-fiber-containing  laminates  as  eddy  currents 
might  become  significant  within  the  laminate;  backprojection- 
reconst ruction  used  in  combination  with  line-narrowing  schemes  may 
ease  the  requirement  for  fast  gradient  switching,  and; 

v)  fast  data-acquisitlon  (up  to  0.1  MHz  per  channel),  with  wide 
bandwidths  (>1  MHz). 

The  spectrometer  designed  above  would  have  the  limitations  of  low  S/N  (much 
longer  data-acquisltion  times  needed  than  those  shown  in  this  report,  unless 
a  SQUID  is  incorporated)  and  most  likely  a  capability  of  detecting  flaws  in 
OMC  throughout  a  maximum  of  a  1/4-inch  panel  thickness. 
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